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November 28, 1972 
Power Program Office 
Department of the Navy 
Office of Naval Research 
Arlington, Virginia 22217 
Subject: First Quarterly Report - Task Order No. N00014-67-A-0159-0016 
During the first quarter period the cinephotomacrography experiments and 
data analysis for ferrocene and iron blue catalysts have been completed. 
This completes the motion picture work with the four catalysts copper 
chromite, iron (III) oxide, ferrocene, and iron blue. A major finding 
has been a catalyst which works when placed in the binder alone, in the 
sandwich configuration; iron blue, below 1000 psia, is the only one of 
the four to show signs of catalytic activity. 
Work on establishing the relevance of sandwich studies to propellant 
combustion is continuing. A burn rate correlation developed by Thiokol 
is being used as the guide to propellant behavior. Parameters being 
investigated are catalyst type, particle size, and pressure. 
Efforts on production of an analytical model of sandwich combustion are 
continuing. The disappointing results achieved during the program when 
under NAVAIR funding have been thoroughly reviewed. The decision to not 
attempt a direct numerical integration of the partial differential 
equations has been made on the basis of computer storage and time limita-
tions. The problem has been reformulated, using a new integral method, 
and programming is now underway. The adequacy of the technique will be 
determined during the second quarter of this program. 
The conversion of the test rig to a quenched-combustion bomb has begun, 
and quench testing, together with scanning electron microscopy, will begin 
in the second quarter. 
Very truly yours, 
Warren C. Strahle 
Principal Investigator 
GEXDFSIA. INSTITUTE OF TECHNOLOGY 
ATLANTA, GEORGIA 30332 
SCHOOL OF 
	




February 28, 1973 
Power Program Office 
Department of the Navy 
Office of Naval Research 
Arlington, Virginia 22217 
Subject: Second Quarterly Report - Task Order No. N00014-67-A-0159-0016 
Quench testing of catalyzed sandwiches was begun during the second quarter. 
Seven of the planned twenty-eight tests have been completed and the samples 
viewed under the scanning electron microscope. Predictions concerning the 
behavior have been borne out, in that there appears a slope discontinuity 
at the binder-oxidizer interface when catalyst is put into the AP. The 
binder melt flows, which are so apparent in non-catalyzed situations, 
virtually disappear in the catalyzed cases. 
Work on the analytical model of sandwich deflagration is progressing. The 
new formulation has yielded asymptotic solutions valid away from the binder, 
out onto the AP surface. These asymptotic solutions are being used to 
start a numerical integration of the governing equations toward the binder. 
Study of the relevance of sandwich work to real propellant behavior has 
been completed with respect to ferrocene and iron oxide catalysts. Points 
of correspondence between sandwich and propellant results exist in regard 
to the particle size and pressure effects. The real propellant results 
show, however, that ferrocene is a better catalyst than iron oxide over 
the pressure range 600-2000 psi. The sandwich results indicate they are 
equivalent. 
The third quarter work will be devoted to analytical modeling and quench 
testing. 
Very truly yours, 




June 5, 1973 
Power Program Office 
Department of the Navy 
Office of Naval Research 
Arlington, Virginia 22217 
Subject: Third Quarterly Report - Task Order No. NO0014-67-A-0159-0016 
Quench testing of catalyzed sandwiches is now 90% complete. It has been 
discovered that there is a severe reproducibility problem when catalyst is 
loaded onto the interface between the binder and oxidizer. Consequently the 
burn rates reported for this configuration are suspect. The SEM results also 
show no new phenomena as compared with catalyst-in-AP or catalyst-in-binder 
results. Therefore, interface loading runs have been suspended. 
Quench testing of iron blue in AP has revealed a color change from blue 
to red at the surface. It has been decided to initiate electron microprobe 
studies of the surface to determine the chemical change which is taking place. 
This will also be repeated for ferrocene-in-AP to elucidate any surface 
processes taking place. 
The primary results from the quench testing appear to be that a) the 
binder melt is removed under catalysis and b) in some cases attack appears 
to be taking place upon the binder by the catalyst-laden oxidizer gases, 
because there is an undercutting of the binder. 
Analytical modelling of the sandwich configuration is progressing. An 
analytical solution to the problem has been discovered in a linear limit 
which is still valid for practical cases. This solution, for the case of 
dry surfaces and no chemical interaction between the binder and oxidizer, 
is being explored for its general usefulness. The theory in its current form 
is a valuable aid in interpretation of experiment. It correctly predicts 
a) pressure independence of the surface shape and b) a slope discontinuity 
at the binder-oxidizer interface. The theory also suggests the reason for 
binder notches appearing with thin binders in the sandwich configuration. 
The fourth quarter will be devoted to a) the completion of quench, SEM, 
and microprobe testing, b) complete data analysis and c) a continuation of 
the analysis. 
Warren C. Strahle, 
Principal Investigator 
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NoveMber 29, 1973 
Power Program Office 
Department of the Navy 
Office of Naval Research 
Arlington, Virginia 22217 
Subject: Fifth Quarterly Report - Task Order No. N00014-67-A-0159-0016 
During the fifth quarter the tasks covered were a) generation of an 
Annual Summary Report entitled "Catalytic Behavior in Solid Propellant 
Combustion," b) conversion of the combustion quench rig back into a 
cinephotomacrography rig, c) construction of sandwich samples for the 
exploratory round of synergistic catalytic runs, d) analysis to explain 
the synergistic effect and e) program replanning in the light of results 
obtained to date. 
The Annual Summary Report contains the results of scanning electron 
microscopy, cinephotomacrography, electron microprobing and analysis of the 
sandwich configuration under catalysis. This report has been distributed. 
Results from this report which have bearing on the replanning of the current 
program are a) the sandwich configuration attained is insensitive to the 
binder type and b) there is some indication that catalysts are altering the 
melt behavior of the binder. 
For the above reasons it has been decided to delete from the program 
runs attempting to change the binder heat of decomposition by introduction 
of polyacetylene into the HTPB and to increase differential scanning 
calorimetry of HTPB with catalyst loaded into the binder. The deflagration 
runs with ferrocene loaded chemically into the R-45 binder will be retained 
because of the expected novel effects; however, it has been learned from 
NOL-Indian Head that they are no longer producing the polymer. The 
instructions for making this catalyst loaded polymer have been obtained from 
Mr. Robert Cassel and the chemical will be manufactured in our laboratory. 
Construction of eleven initial synergistic effect sandwich samples has 
been completed. These will be tested during the sixth quarter to determine 
directions for future testing. Conversion of the combustion quench rig to a 
cinephotomacrography rig has been completed. 
Analysis of a simple system - the deflagration of AP - with catalysts 
is proceeding. While the physical picture is clear with respect to catalysts 
operating in a synergistic manner, numerically the magnitude of this effect 
for gas phase catalysis is unknown. This work will be completed during the 
sixth auarter. Analysis on the effect of melts on the attained sandwich 
shape is proceeding. 
Power Program Office 
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It is anticipated that one or more patents will result from the 
current program. It is requested that the Principal Investigator be 
informed of the procedure for initiating the patents. 
Sincerely, 
Warren C. Strahle 
Principal Investigator 
WCS:ca 
GEORGIA INSTITUTE OF TECHNOLOGY 
ATLANTA, GEORGIA 30332 
SCHOOL OF 	 DANIEL GUGGENHEIM SCHOOL 
AEROSPACE ENGINEERING 	 OF AERONAUTICS 
404 B94-3000 
March 11, 1974 
Power Program Office 
Department of the Navy 
Office of Naval Research 
Arlington, Virginia 22217 
Subject: Sixth Quarterly Report - Task Order No. NO0014-67-A-0159-0016 
During the sixth quarter the tasks covered were a) analysis of synergistic 
catalysis effects, b) exploratory experiments on the synergistic effect in 
sandwich samples, c) initiation of differential scanning calorimetry on 
catalyst-laden binders and d) sandwich deflagration analysis. 
Analysis was completed on the potential of synergistic effects to augment 
the burn rate of AP. Selecting two different catalytic reactions to augment 
the gas phase reaction scheme of Guirao-Williams it has definitely been shown 
that the nonlinearities in the governing equations will allow a synergistic 
effect. Because this is a rather complex reaction system, however, analysis 
on a simple model system has begun to better elucidate the basic mechanism. 
A patent disclosure was filed with the ONR representative at Georgia 
Tech disclosing the initial results of exploratory experimentation on syner-
gistic effects with Harshaw Catalyst Cu0202, Fe201 , ferrocene and iron blue. 
The experimental results have shown synergisms with all combinations of catalysts. 
The strongest effect so far (at 600 psi) has been with an iron blue-iron oxide 
mixture. While the synergism with copper chromite-iron oxide was not strong 
the maximum burn rate was attained with this mixture. This is a sandwich 
effect: since the catalyst is pressed with the AP and copper chromite strongly 
augments the pure AP rate while the iron oxide depresses it the copper chromite 
is driving the result. In a real propellant the catalyst is mixed with the 
binder and a synergism is expected as both catalysts augment the binder-
oxidizer deflagration kinetics. 
On the basis of the exploratory runs the combinations of copper chromite-
iron oxide and iron blue-iron oxide are being carried along in further sand-
wich and propellant runs. 
Differential scanning calorimetry runs have been made with =TB and 
HTPB-catalyst binders. The data are currently being reduced. 
Analysis of sandwich deflagration with finite rate chemistry between the 
binder and oxidizer has been initiated. This will build upon the no-interaction 
model which was completed under last year's program. It is necessary to 
determine theoretically the magnitude of chemical rates necessary to drive 
the burning rate down the interface between the binder and oxidizer, since 
this is precisely what is happening in the catalyzed sandwich runs. 
Power Program Office 
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Uncured propellant (HTPB-AP) has been ordered from Princeton University 
to be used for synergistic runs with real propellants. The seventh quarter 
will be devoted to a) sandwich synergism experiments over the 300-2000 psia 
pressure range, b) construction of the propellant samples, c) completion of 
the differential scanning calorimetry and d) continuation of synergism and 
sandwich deflagration analysis. 
Sincerely, 
Warren C. Strable 
Principal Investigator 
WCS:ca 
GEORGIA INSTITUTE OF TECHNOLOGY 
ATLANTA, GEORGIA 30332 
SCHOOL OF 	 DANIEL GUGGENHEIM SCHOOL 
AEROSPACE ENGINEERING 	 OF AERONAUTICS 
404-894-3000 
June 4, 1974 
Power Program Office 
Department of the Navy 
Office of Naval Research 
Arlington, Virginia 22217 
Subject: Seventh Quarterly Report - Task Order No. NO0014-67-A-0159-0016 
During the seventh quarter the experimental tasks covered were a)the com-
pletion of differential scanning caloremetry on catalyst-laden binders, b)the 
pressure survey of the sandwich synergistic experiments and c)initiation of 
tests to determine possible synergistic effects in cast composite propellant 
strands. 
The tests to determine the synergistic effects as a function of pressure 
from 300 to 2000 psia, have been conducted for two combinations of catalysts in 
the two dimensional sandwiches. These two systems were determined from the 
earlier exploratory experiments at 600 psia. The Harshaw Catalyst Cu0202 -
ferric oxide system exhibited the highest sandwich burn rate, while the ferric 
oxide-iron blue system demonstrated the largest synergistic effect. Twenty 
three additional tests have been completed leaving only one base case, 2% 
Harshaw Catalyst Cu0202 at 300 psia to be conducted. Data reduction will be 
completed in the next quarter. 
It was determined that the uncured propellant (82.7% AP-17.3% HTPB) that 
was ordered from Princeton University's Solid Propellant Processing Laboratory 
for the determination of synergistic effects in cast composite propellant could 
not be conveniently shipped from Princeton, New Jersey to Atlanta, Georgia. It 
is classified, by analogy, as a class B explosive. Up to 10 pounds of this type 
of material can be shipped by air cargo freighter, but this service is only 
available from Kennedy Airport to Atlanta. Transportation of this type of ma-
terial over all bridges and through tunnels connecting Long Island and New 
Jersey is prohibited. The truck freight rates for this type of material are 
based on minimum amounts of 7500 pounds if shipped in the truck or 2500 pounds 
if shipped in a trailer attached to a truck. This would be a minimum charge 
of $400 for transporting two pounds of propellant. The order to Princeton 
University has been cancelled. 
The composite propellant will be mixed in our own laboratory. We do not 
have the capability of maintaining close quality control on a batch to batch 
basis, therefore all comparison samples will be prepared from a common base 
batch of uncured composite propellant of the same composition as ordered from 
Princeton University. Strand molds of .25" x .25" x 1.7" size have been fabri-
cated of teflon. An initial set of cured samples have been prepared for eval-
uation of this synergistic effect in the cast composite propellants. 
Power Program Office 
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The eighth quarter will be devoted to testing the cast composite propel-
lants with catalyst present. Both cinephdtomacrography and fuse wire deter-
mination of the burning rates will be used. This data reduction for the sand-
wich synergistic effects will be, completed. 
In the differential scanning calorimetry of catalyst laden binders, no 
effect of catalyst has been found on the total heat of decomposition or the 
kinetics of decomposition for HTPB. Ferrocene and iron blue have been tested. 
This was in accord with expectations from sandwich work and no further DSC 
work is planned. 
In what was previously thought to be an indeterminate problem, it has been 
theoretically discovered that the sandwich burning problem is a determinate 
eigenvalue problem with the burn rate as the eigenvalue. Calculations are be-
ing performed to check the previous sandwich analysis to see if any conclusions 
are altered by this new analytical discovery. The student who has been working 
on the analysis has decided to terminate his education and future analysis 
will be more heavily done by the Principal Investigator. 
Sincerely, 
Warren C. Strahle 
Principal Investigator 
WCS:cm 
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404-894-3000 
December 3, 1974 
DANIEL GUGGENHEIM SCHOOL 
OF AERONAUTICS 
Power Program Office 
Department of the Navy 
Office of Naval Research 
Arlington, Virginia 22217 
Subject: Ninth Quarterly Report - Task Order. No. N00014-67-0159-0016 
During the ninth quarter the primary tasks accomplished were a) gen-
eration of the Second Annual Summary Report, b) replanning of the program 
in the light of results obtained during the eighth quarter, c) propellant 
sample preparation and burn rate determination for investigation of syner-
gistic catalytic effects and d) analysis of the sandwich configuration to 
include binder-oxidizer reactions. In addition, a visit was paid to our 
facility by Dr. Ralph Roberts; in a fruitfUl discussion two future avenues 
of research were explored, to be mentioned later. 
As will be recalled, the synergistic effects expected from sandwich 
testing did not materialize in the propellant testing when 2% catalyst by 
weight was employed in an HTPB-AP propellant at 600 psia. The catalyst 
systems used were Harshaw Catalyst CU-0202 - Iron Oxide and Iron Oxide-
Iron Blue. Two reasons were suspected for this behavior; a) the catalyst 
loading may have been too heavy, beyond the saturation point and b) the 
sandwich tests employed catalyst pressed into the oxidizer whereas the 
propellant has the catalyst in the binder alone. Exploring the first 
possibility, samples were prepared using only 1% catalyst by weight. Ex-
treme difficulties then occurred in burn rate determination. Over 20 runs 
using the fuze wire technique were attempted and various redesigns of the 
combustion bomb were tried. On each attempt the propellant apparently "dis-
appeared" in the time span of the order of milliseconds. Various in-
hibitors were also used, but to no avail. Finally, motion pictures were 
taken and it was indeed found that the propellant was virtually explod- 
ing and crumbling. It is believed that during manufacture too exact an 
AP particle size distribution was being employed, preventing binder wet-
ting and good packing. Samples have now been manufactured using a wider 
spread of particle sizes while basically retaining a bimodal distribution. 
Visual inspection of these samples shows that wetting and packing has been 
markedly improved and testing will resume in the second quarter. 
Following the second hypothesis, that the catalyst will only produce 
the synergistic effect when also loaded into the AP, discussions were had 
with Dr. Roberts concerning the feasibility of pressing the catalyst into 
the AP, then breaking it up for incorporation into a propellant. This 
Power Program Office 
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approach will be attempted. When it will be tried will depend upon the 
outcome of the current series of 1% catalyst tests. 
Analysis was continued on the case of deflagration behavior near a 
binder-oxidizer interface in the case where reactions are taking place 
between the binder and oxidizer. The analysis has two purposes; a) to 
explain the catalysed sandwich surface shapes and b) to explore the pos-
sibility of a propellant deflagration theory on the basis of interface 
phenomena. 
It was also learned from Dr. Roberts that Dr. Ashby of the Depart-
ment of Chemistry at Georgia Tech has developed two new compounds under 
an ONR grant that are of interest to solid propellants. One, in partic-
ular, a lithium aluminum hydride, appears capable of being tested by us. 
Discussions have been held with Dr. Ashby and exact procedures for test-
ing of this compound in a propellant configuration will be explored in 
the future. 
Sincerely, 
Warren C. Strahle 
Principal Investigator 
WCS:cm 
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jOy 15, 1975 
Power Program Office 
Department of the Navy 
Office of Naval Research 
Arlington, Virginia 22217 
Attention: Lt. Richard S. Miller 
SUbject: 11th Quarterly Report - Task Order No. NO00 14-67-0159-0016 
During the 11th quarter the primary tasks accomplished were, a) cast 
propellant samples with the bimodal AP distribution were prepared to test 
for possible synergistic effects on sample burn rate using ferrocene as one 
of the burn rate modifiers, b) the high speed motion picture camera was re- 
turned to the factory for retrofitting of an LRD timing system, c) tests were 
completed of Harshaw catalyst Cu0202P loaded into polycrystalline ammonium 
perchlorate at 2000 psia, d) a procedure was developed for determining the 
amount of Harshaw catalyst Cu0202P in the ammonium perchlorate and e) the 
analytical model of sandwich deflagration was completed. 
Harshaw catalyst Cu0202P was selected for tests of loading into the 
oxidizer because of its catalysis of the amonium perchlorate deflagration 
process. One percent by weight of Cu0202P was mixed with fine ammonium per-
chlorate ( < 37 p.m ) and pressed into polycrystaline disks. These disks were 
reground in a motar and pestle and sieved. All particles less than 37 pm in 
diameter were not used. The percent of all remaining size distribution were 
retained for determination of the actual catalyst content. The size distri-
bution of the oxidizer and catalyst was 125 pm < 43.7% < 212 pm 63 pm < 
50.8% < 125 lull and 37 pm < 5.5% < 63 pm. Cast composite propellants were pre-
pared using this oxidizer size distribution and a 82.7% / 17.3% ratio of ar-
idizer to binder. Three propellants were prepared using these ratios, 1) a 
pure AP - HTPB sample, 2) pure AP - HUB with lw% of Harshaw catalyst Cu0202P 
added to the mixture (binder loaded), and 3) polycrystaline AP and Cu0202P -
HTPB. The initial tests at 600 psia were completed during the 10th quarter. 
The maximum burnrate was obtained for the catalyst added to the binder. The 
tests at 2000 psi were completed this quarter and the sample with no catalyst 
present had the maximum burnrate. Close examination of these samples showed 
that this particle distribution of oxidizer with 17.3% binder yielded pro-
pellant packing problems. The pure AP - HTPB sample had voids in the upper 
half of the sample that appeared to be crumbly. The sample with catalyst load-
ed in the binder was hard and difficult to cut. A new pure AP-HTPB sample with 
the same special oxidizer particle size has been prepared and it appears to be 
uniform and flexible. It has not been tested as yet. 
A procedure for determining the amount of Harshaw catalyst Cu0202P in the 
polycrystalline oxidizer structure was developed. The reason this procedure is 
needed is that upon regrinding and sieving the initial loading may not corres-
pond to the final loading. Measurements indicated a loading of 1.6 + .3% by 
weight of Cu0202P. The polycrystaline oxidizer and catalyst mixture was placed 
uu.,4 	17(7 
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in a 60 ml vacuum funnel with a built-in 40 mm diameter ultra fine fritted 
disk. The ammonium perchlorate was dissolved by repeated washings with dis-
tilled water. The washing was continued for three cycles after the liquid 
showed no perchlorate ions when tested with a methylene blue solution. This 
deep blue solution turns violet in the presence of the perchlorate ions. A 
catalyst balance was performed considering the initial amount of catalyst 
loaded with the oxidizer, the amount retained in the 10% sample and the 
amount in the oxidizer less than 37 pm. This indicated a possible oxidizer 
loading of .7 + .2% by weight of Cu0202P. The difference between these two 
indicated loadings is unresolved. 
Cast propellant samples for further testing of possible synergistic 
effects on sample burn rate have been prepared. The oxidizer size distri-
bution of 37 pm < 30% < 63 pm and 125 pm < 70% < 212 pm was used. The follow-
ing samples have been prepared from a common lot of AP - HUB: 1) no catalyst, 
2) lw% ferrocene, 3) i-w% ferrocene, and 4  Harshaw catalyst Cu0202P, 4) iw% ,,i ferric oxide ; 5) lw% ferrocene and -or/0 iron blue, and 6) .-w% Harshaw catalyst 
Cu0202P and % iron blue. All of these samples have been examined and show a 
good uniformity of packing with very :Little porosity and good flexibility. 
All previous cinephotomacrographic observations had been made using Kodak 
Ektachrome type 7241 daylight film. A shortage of this type film resulted in a 
delay of testing at the beginning of this quarter. Type 7242 tungsten film has 
been substituted for current tests. 
The Hycam 16 mm high speed motion picture camera was returned to the fact-
ory for a retro fit of an LED timing system. This consists of dual light emitt-
ing diodes with a built-in timing light generator. These LED's replace the neon 
lamp system which was not as reliable or did not have as long of a useful life. 
The mark generated on the film edge is much brighter and narrower than the neon 
bulb mark. All bearings were cleaned and inspected. All optical surfaces were 
cleaned. This camera maintenance required six weeks. 
The analytical model of sandwich deflagration has been completed. The effects 
of dilution, in the sense of the Guirao-Williams model of AP-deflagration, have 
been included but with little effect on the final results. The model has been con-
structed as a small perturbation deviation from a planar deflagration. It has been 
found that binders with only a very narrow variation in properties will allow this 
kind of a solution. Nevertheless the following conclusions may be derived from the 
model: a) the kinitics of normal binder-oxidizer reactions are too slow to affect 
the deflagration rate, but, if catalysed sufficiently well, the sandwich will de-
form so that a more acute angle is made with respect to the binder, as is observed 
experimentally and b) the AP surface should be nearly horizontal, sufficiently far 
from the binder, as is experimently observed. Solutions for a wider range of binder 
properties would require a different solution procedure; consequently, considering 
the effort that has already been expended and the contract funding level this work 
will be terminated. 
The cast propellant samples for possible synergistic effects on sample burn 
rate are ready to be tested at 2000 psia. More tests of the special size distribu-
tion samples for the determination of the effect of catalyst loading are planned. 
July 15, 1975 
Power Program Office 
Department of the Navy 
Lt. Richard S. Miller 
11th Quarterly Report Task Order No. N000 14-67-0159-0016 
Page 3 
A new set of samples are planned with all of the reground polycrystaline 
oxidizer used in the cast solid propellant. 
Sincerely. 
2 
Warren C. Straille 
Principal Investigator 
Jan C. Handley 
Research Engineer 
WCS/JCH/j j 
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December 30, 1975 
Power Program Office 
Department of the Navy 
Office of Naval Research 
Ballston Tower # 1 
800 North Quincy Street 
Arlington, Virginia 22217 
Attention: Lt. Richard S. Miller 
Subject: 13th Quarterly Report - Task Order N00014-67-0159-0016 
During the 13th quarter the primary tasks accomplished were a) preparation 
and distribution of a yearly report on catalytic effects, b) initiation of a 
statistical analysis for composite propellant burn rate c) continuation of a 
review of previous models of composite propellant combustion and d) initiation 
of experimental procedures to produce ordered structures. It should be noted 
that the report issued under item a) was designated as a final report on syn-
ergistic catalytic effects, anticipating a new contract number and name for the 
follow-on. Since the old contract was renewed and the name retained, we are in 
the embarrasing position of working under a misnamed work order. Is it possible 
that the title can be changed to "Combustion of Nonaluminized Heterogeneous Solid 
Propellants"? 
An initial set-up of the problem of flame propagation through a heterogeneous 
array of AP and binder has been accomplished. There have been found three impor-
tant specifications required in order to properly pose the statistical problem. 
There are a) the combustion law(s) b) the type of heterogeneous matrix and c) a 
"mixedness" assumption. The first two have been previously recognized and are 
reasonably obvious. The last has been discovered in attempts to properly specify 
the statistics. To explain, consider a set of AP spheres of uniform size set in 
a binder matrix at a loading density very close to the maximum packing density 
(which would be an ordered array). Considering a finite block of propellant, and 
a statement of complete randomness in mixing, there is a finite probability that 
a thick AP void line would appear in the propellant that would extinguish the 
propellant for any overall loading level of AP at a value less than the maximum 
loading level. The only way to avoid this is to introduce a "mixedness" assumption 
which prespecifies the maximum excursion about a preselected ordered lattice point. 
Within this excursion distance the particle position can be random. 
With this in mind the simplest possible model has been set-up. The combustion 
laws are a) AP self-deflagration by a plane wave followed by b) binder cook-through 
by the energy in the residual thermal wave followed by c) ignition of the closest 
AP particle. These laws neglect known melt flows and chemical reactions between 
binder and oxidizer. Furthermore, this model will fail below the self-deflagration 
limit of AP and at sufficiently small AP particle size that the propellant is ef-
fectively homogeneous. The heterogeneous matrix is one of a unimodal distribution 
of AP spheres at a packing density very close to the maximum packing density. 
. Lt. Richard S. Miller 
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Furthermore the initial statistical treatment considers only vertical propagation 
and allows position deviations from the ordered lattice points in only the verti-
cal direction. The mixedness assumption will allow the maximum deviation from the 
lattice point to be a free parameter. 
At the current time a theory for binder cook through has been completed and 
the binder surface regression distance as a function of time may be calculated 
for any set of binder thermodynamic properties and pyrolysis kinetics. A computer 
program is currently being set up to calculate the regression statistics. Even 
without the computer results, however, several qualitative results are evident 
beforehand. These are a) the higher the oxidizer loading the faster the burn rate, 
b) the burn rate will always be slower than that of pure AP, c) the burning rate 
exponent will always be less than that of pure AP (for pressure independent binder 
pyrolysis kinetics) and d) the harder the binder is to pyrolyse the slower will be 
the burn rate. An inspection of the literature at 1000 psia shows the first three 
predictions are confirmed at sufficiently large AP particle size (>240 pm) . The 
last conclusion cannot be confirmed due to a lack of binder pyrolysis data. 
A review of recent analytical models of steady state burning of heterogeneous 
propellants was continued. This review, started earlier an institutional funding, 
includes work by Beckstead et al; Miller; Hermance; and Glick. All of these models 
devise some scheme of statistical averaging of flame behavior, and use the results 
to calculate the heat transfer back to the solid. The flame behavior is viewed as 
nonuniform over the surface, but the heat transfer into the solid assumes a flat 
surface and homogeneous solid. These analyses will be consolidated into one more 
general model, and then summarized as special cases in order to provide a concise 
review of the status of this class of theories. 
This analysis differs from the model being developed as per paragraphs 1 - 3 
above in that the "Georgia Tech" model seeks to trace the propagation of the com-
bustion surface through the heterogeneous propellant structure. 
Preliminary experiments were made on dry-pressing AP samples with fuel threads 
and with dry fuel powders like starch. Tests were also made on pyrolysis, melting 
and charring of binder materials in a Hot Stage Microscope. 
Sincerely, 
E. W. Price, Professor 
Co-Principal Investigator 
W. C. Strahle, Regents' Professor 
Co-Principal Investigator 
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ABSTRACT 
This report describes experiments and theoretical analysis concerned 
with sandwich combustion. The ingredients used in the experiment are compacted 
polycrystalline ammonium perchlorate as the oxidizer, hydroxyl terminated t 
polybutadiene as the binder and four catalysts: Harshaw catalyst CU-0202, 
Fe203, ferrocene, and iron blue. The pressure range studied is 600-2000 
psia. The experimental techniques used are cinephotomacrography for sample 
observation during burning and burn rate determination, scanning electron 
microscopy for observation of quenched samples, and electron microprobing 
for an exploratory study of surface composition. A theoretical solution to 
a simple sandwich deflagration problem is attained. The probable sites of 
catalytic activity are determined, results are compared with actual propellant 
experience, and the analysis is used to clarify experimental results. 
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Under a previous contract N00123-72-C-242 to the Naval Weapons Center, 
China Lake, California, a study was initiated of sandwich combustion when 
catalysts were present in sandwiches. The results are described in Reference 
(1). The sandwiches used compacted polycrystalline ammonium perchlorate(AP) 
as the oxidizer, hydroxyl terminated polybutadiene (HTPB) as the binder, and 
the catalysts Harshaw Catalyst CU-0202 (CC) and Fe 203 (TO). The pressure 
range studied was 600-3200 psia and catalytic effects were studied when the 
catalyst was placed in either the AP, the binder, or along the binder-AP 
interface. The technique used was cinephotomacrography for sample observa- 
tion during burn and for burn rate determination. This work was an outgrowth 
of the work of Reference (2), using the same ingredients but CTPB binder. 
The results of the previous program indicated that at all pressures 
CC appeared to primarily catalyze the AP deflagration process with a minor 
effect upon the oxidizer-binder gas phase reactions, and at pressures below 
1000 psia the I0 had a primary catalysis effect upon the binder-oxidizer 
gas phase reactions while inhibiting AP deflagration, but at pressures above 
1000 psia the I0 catalyses primarily the AP deflagration process but not the 
oxidizer-binder gas phase reactions. In all cases there appeared no evidence 
that these two catalysts modified the pyrolysis mechanism of the binder. 
It is known, however, that extensive melt flows exist with CTPB and 
HTPB binders during sandwich deflagration (as well as with other binders) . (3 '' S) 
 Cinephotomacrography has insufficient resolution to investigate the interface 
processes or melt flows in any detail and it was not clear what catalytic 
effects might be taking place near the interface of the binder and oxidizer. 
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Consequently, it was desired to use high resolution microscopy on quenched 
samples to view any differences in surface structure and melt behavior in 
the presence of catalysis as compared with known results (3,4,5) for un-
catalyzed cases. It was furthermore desired to investigate more catalysts 
than previously used and to compare sandwich results with known propellant 
results. 
Accordingly, the current study is concerned with two additional catalysts - 
iron blue (IB), a complex ammonium iron hexacyanoferrate, and ferrocene (F), 
biscyclopentadienyl iron. The burn rate behavior is obtained by cinephoto-
macrography over the pressure range 600-2000 psia, using AP and HTPB. The 
range 2000-3200 psia is not studied in this work, because it is excluded 
from the quenched combustion studies by reason of equipment capability. 
Furthermore, the AP deflagration process is not understood above 2000 psia 
(as compared with better knowledge below 2000 psia). (6) Quenched samples with 
all four catalysts are then investigated by scanning electron microscopy to 
look at surface structure and melt behavior. Analysis is performed on the 
sandwich deflagration process to aid in interpretation of the experimental 
results. 
II. CINEPHOTOMACROGRAPHY WITH IRON BLUE AND FERROCENE 
The composite, two dimensional sandwich samples for this phase of the 
investigation were prepared by the method outlined in Reference (1). The 
binder thickness was controlled by Teflon spacers to a nominal 150 4m. 
The catalysts used were IB and F and were supplied by the Thiokol Chemical 
Corporation. 
Iron Blue is commercially used as a pigment. It is a complex ammonium 
iron hexacyanoferrate with the chemical formula, Fe(NH 4) Fe(CN) 6 . It has a 
cubic crystalline structure. The iron is present as both ferric and ferrous 
ions in the lattice and they are industinguishable. Ferrocene is an organo-
metallic compound for which the chemical name is biscyclopentadienyl iron, 
(C2H5) 2Fe. It is a yellow crystalline solid with relatively high thermal 
stability for an organometallic compound. 
The catalysts used were loaded into either the oxidizer, the binder, 
or at the binder-oxidizer interface. For dispersal in the oxidizer, 2% by 
weight of catalyst was added to the AP prior to grinding and pressing. 
For loading in the binder, the same volumetric loading as occurred in the 
AP was mixed into the binder prior to curing. For HTPB this was 4.37% by 
weight. When the catalyst was located at the binder-oxidizer interface, 
the same amount of catalyst as was added to the ammonium perchlorate, 2% 
by weight, was mixed with 2% AP and pressed onto the surface of a prepressed 
AP disc. 
The prepared samples were mounted in the pressurized combustion 
apparatus of Jones
(2)
. Motion pictures of the burning sample were obtained 
at a rate of either 1600 or 3200 frames per second, at a latent image 
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L. 
magnification of 2 to 1. A summary film of this phase of the investigation 
is available on loan from the senior author of the report. Two frames from 
the motion pictures of ferrocene and iron blue added to the AP are reproduced 
in Figure II-1. 
These motion pictures were used to obtain an accurate value of the 
sample burning rate. The sandwich vertical burn rate and the burn rate 
normal to the oxidizer surface, as defined in Reference (1), were obtained 
for the three types of catalyst addition at four pressures, 600, 1000, 
1500 and 2000 psi. Burning rate data were taken only after a steady profile 
had been achieved and the surface was clearly visible over a substantial 
portion of the run. For the steady profile the sandwich vertical burn rate 
is the same regardless of the perpendicular distance from the binder-oxidizer 
interface. The burn rate normal to the oxidizer surface must be taken at a 
distance sufficiently far away from the interface for the oxidizer to have 
a definable, constant slope. These results are summarized in Table II-1. 
The burn rates for the case of catalyst added to the oxidizer are 
shown in Figure 11-2. The data indicated by CC and I0 were obtained earlier 
and reported in Reference (1). The catalysts indicated are Harshaw Catalyst 
Cu0202 (CC) and Fe 203 , ferric oxide (iron III oxide - I0). The data of 
Friedman (7) for CC are also shown in. this figure. The burn rates are 
presented as a ratio to the burn rates of an AP-HTPB sandwich with no 
catalyst present, presented in Reference (1). The solid curves are the 
ratio of the sandwich vertical burn rates. The dashed curves are the ratio 
for the burn rates normal to the oxidizer surface. The dashed curves 
represent the effect of the catalyst addition to pure ammonium perchlorate 
Figure II-1 a. AP and IB-HTPB-AP, 600 psia. 
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Figure II-1 b. AP and F-HTPB-AP, 1000 psia. 
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Table II-1 
Summary of Results from Cinephotomacrography of Composite 
Ammonium Perchlorate-HTFB Sandwiches with Catalysts. 
Catalyst Location Pressure 
psia 
Sandwich 
Vertical Burn Rate 
in/sec 
Burn Rate Normal 














Cu0202 in AP 600 .405 .26o 
loon .612 .501 
1500 1.100 1.035 
2000 1.330 1.250 
Ferric 
Oxide 






1500 .686 .540 
2000 •740 •695 
Ferrocene in AP 600 .269 .183 
1000 •359 .208 
150o .45o .278 
2000 .524 .300 
Iron Blue in AP 600 .263 .182 
loon .375 .246 
1500 .536 .234 
2000 •556 .379 
Cu0202 in HTPB 600 .262 .246 
1000 .370 •345 
1500 .404 .404 
2000 .386 .386 
Ferric in HTPB 600 .208 .18o 
Oxide loon •337 •335 
150o .320 .32o 
2000 .415 .415 
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Table II-1 (Continued) 
Catalyst Location Pressure 
Asia 
Sandwich 
Vertical Burn Rate 
in/sec 
Burn Rate Normal 
to the Oxidizer 
Surface in/sec 
Ferrocene in HTPB 600 .293 .290 
1000 .318 .318 
1500 .357 .357 
2000 .383 .378 
Iron Blue in HTPB 600 .367 .367 
1000 .345 .345 
1500 .390 .330 
2000 .333 .322 
Cu0202 on Interface 600 .323 .248 
1000 .562 .441 
1500 .360 .232 
2000 .543 .230 
Ferric on Interface 600 .221 .117 
Oxide 1000 .368 .346 
1500 .645 .273 
2000 .758 .320 
Ferrocene on Interface 600 .342 .246 
1000 .521 .336 
1500 .310 .302 
2000 1.137 .48o 
Iron Blue on Interface 600 .300 .197 
1000 .585 .338 
1500 .801 .413 
2000 1.068 .403 
Figure 11-2. Ratio of Catalyzed Sandwich Vertical Burn Rate and Burn Rate Normal to the 
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burn rates. Both IB and F retard the burn rate normal to the oxidizer 
surface for the pressure range investigated. This is in contrast to CC 
which augments the AP burn rate for the entire pressure range. The I0 
augments the burn rate for pressures greater than 1200 psi. The separation 
between the dashed and solid curves is representative of the amount of 
catalytic activity taking place in the binder-oxidizer reactions. This 
separation should be directly applicable to real propellant results and 
will be discussed in Chapter V. 
The burn rates for the case of catalyst added to the binder are shown 
in Figure 11-3. Within the accuracy of the experimental techniques there 
were no detectable angles from the horizontal present in the oxidizer to 
indicate any alteration of the burn rate normal to the oxidizer surface. 
Considering the absence of this difference, as was discussed above, this 
would indicate very little catalytic activity taking place in the vicinity 
of the binder-oxidizer interface. An exception to the foregoing is seen 
at 600 psia in the case of F and IB. The scatter of the sandwich vertical 
burning rate ratios about a ratio of unity in the 1000 to 2000 psi range 
is indicative of the experimental accuracy, since there is no significant 
visible effect upon the sandwich deflagration process with catalyst as 
opposed to an AP-HTPB sandwich. At 600 psia, however, there is a distinct 
catalytic effect with F and IB. 
The burn rate data for the case of catalyst located at the binder-
oxidizer interface are shown in Figure II-4. These data were obtained from 
the motion pictures. After examining scanning electron microscope pictures 
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Figure 11 -3. Ratio of Catalyzed Sandwich Vertical Burn Rate to the Burn Rate of an 
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Figure II-4. Ratio of Catalyzed Sandwich Vertical Burn Rate to the Burn Rate of an 
AP-HTPB Sandwich Catalyst on Binder-Oxidizer Interface. 
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do not behave uniformly; therefore burn rate data obtained by observing only 
one edge of the sample may be in considerable error. The data presented in 
Figure II-4 shows augmentation of burning rates for all catalysts at 2000 
psi. Again I0 appears to retard the burning for 600 and 1000 psi. Both F 
and CC show retardation at 1500 psi. This is not in agreement with the 
observed behavior of quenched samples for these cases. Consequently, the 
burn rate data for interface samples are suspect and are presented here for 
interest and completeness only. 
Concluding from the motion picture runs, a) there is very little burn 
rate or visible effect upon placing any of the catalysts in the binder with 
the exception of IB and F at low pressures, b) CC is the strongest catalyst 
for the AP deflagration process, c) below 1000 psia all four catalysts show 
roughly equal effectiveness in augmenting rate processes in the vicinity of 
the binder-oxidizer interface, d) IB and F show the strongest behavior near 
the interface above 1000 psia followed by I0 and CC and e) IB and F inhibit 
the AP deflagration process over the entire pressure range studied while I0 
is an AP inhibitor below 1200 psia. 
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III. SCANNING ELECTRON MICROSCOPY WITH FOUR CATALYSTS 
The samples for this phase of the investigation were prepared in the same 
manner as those for the cinephotomacrography experiments. In addition to IB 
and F the catalysts Cu0202 (CC) and Ferric Oxide (I0) were loaded in the 
oxidizer, binder and at the binder-oxidizer interface. Partially burned 
samples were obtained for scanning electron microscopy by terminating com-
bustion by rapid depressurization using the burst diaphragm method () . An 
electronic timer circuit was used to obtain accurate, reproducible time 
delays between the ignition of the sample and interruption of burning of the 
sample. The timer was modified to allow delays of from 22 milliseconds to 
three seconds. The initial estimates for the time delays were obtained from 
the cinephotomacrography burn rate data of Chapter II . 
The sample observation was carried out in the Physical Science Division 
of the Engineering Experiment Station of the Georgia Institute of Technology. 
A Cambridge Stereoscan Scanning Electron Microscope, Mark IIa, was used for 
all observations in this chapter. Magnifications from x18 to x50,000 were 
available. A focused electron beam of .01 pm in diameter was used to scan 
the samples which were placed in the specimen holder under a high vacuum. 
The high energy beam stimulates the emission of secondary electrons or 
backscattered electrons, x-rays and, sometimes, light photons from the 
sample surface. If the sample is electrically non-conducting, it will 
gradually accumulate an electrical charge and cause an additional scattering 
of the electron beam. Since the composite propellant samples were non-
conducting, they had to be coated with a conducting coating before the 
surface could be examined with the scanning electron microscope. A combined 
coating of carbon and gold-palladium (60-40) was placed on the samples 
by vacuum deposition. This coating varied from 300 to 400 A in thickness. 
It would not be detected unless magnifications in excess of 50,000 were 
used. 
The electrical signal generated. by the collected secondary or back-
scattered electrons is used to control the brightness of a cathode ray 
tube which is synchronized to the scan of the electron beam. The photograph 
of the cathode ray tube is referred to as the electron micrograph. The 
x-rays emitted by the sample are characteristic of the elements present in 
the sample and can be collected and analyzed. Both the chemical identity 
and spatial distribution of the elements in the region of the electron beam 
can be determined. Iron is always indicated due to the magnet pole pieces. 
For non-conducting samples the coating materials are also detected. This 
analysis was used to determine the high iron content of particles visible 
in the AP-I0 samples. The spatial resolution of this measurement is 10 4 
times better than the electron microprobe investigation described in Chapter 
IV, but the number of elements that can be detected is limited and the 
quantitative results are not as accurate as with the microprobe. 
The results of this investigation are presented in a series of 66 
micrographs covering the surface details of 21 partially burned samples 
with catalysts in either the binder or the oxidizer. These samples were 
partially burned at 600, 1000, 1500 and 2000 psia, in a dry nitrogen at-
mosphere. A series of 27 micrographs are included in Appendix A covering 
7 samples with the catalyst located at the binder-oxidizer interface. These 
samples were not included in this chapter because of the erratic behavior 
of these samples. The cinephotomacrography of these samples indicated some 
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questionable data at 1500 psia. Six attempts were made with F and IB at 
the interface for 1500 psia to obtain a quenched sample. No satisfactory 
sample was obtained for this case. Furthermore, even if satisfactory 
reproducible results could be obtained, there is question in interpretation 
of the results. 
Uncatalyzed Sandwiches  
A set of four AP-HTPB sandwiches were included in the study for comparison 
purposes. These micrographs are shown in Figures III-1 through 13 and the 
results are summarized in Table III-1. The observations are in accord with 
those of Boggs and Zurn (5) , where experiments are common to both works. 
The determination of the extent of the binder melt flow is arbitrary. It 
has been included for comparison with the catalyzed samples. It is a 
representative value, as is the tabulated binder height. But it is a 
meaningless observation when trying to generalize results to real propellant 
behavior. It is known from the cinephotomacrography that there is a 
substantial binder char layer, which is apparently removed during the quench 
process. There is a high probabilfty that less viscous binder is also 
ejected. This would alter the binder height. Nevertheless, the increase 
of binder height with pressure increase is consistent with the higher AP 
burn rate at higher pressure. This allows less time for the binder to 
decompose. 
AP-HTPB. 
600 psia. Figures 1 and 2 -- The entire oxidizer surface shows 
evidence of having been covered with a frothy structure. There is a visible 




Figure III-1. AP-HTPB-AP 600 psia (x24.3). 
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Figure 111-2. AP-HTPB 600 psia (x121). 
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Table III-1 
Summary of Results from Scanning Electron Microscopy of Uncatalyzed 
Composite Solid Propellant Sandwiches 
Pressure 	 Figure 	Binder Melt 	Binder Height 
psia No. III- Flow pm pm 
600 1,2 140 300 
1000 3,4,5,6 150 450 
1500 7,8,9,10 200 400 
2000 11,12,13 350 500 
the interface. This flow has retarded the oxidizer regression rate causing 
the point of maximum regression to be well into the oxidizer layer. The 
binder height is approximately 300 pm. There is a continuous slope at the 
binder-oxidizer interface. There is no significant visible edge cooling 
effect shown by the sample. 
1000 psia. Figures 111-3 through 6 -- The entire oxidizer surface 
is covered with ridges and valleys of uniform density. The binder melt flow 
extends 150 pm over the oxidizer surface. The binder height is 450 pm. 
There is a continuous slope at the binder oxidizer interface and the point 
of maximum sandwich regression is at the mid point of the oxidizer layer. 
Note that in Figure 111-6 the cracks in the binder melt flow reveal a porous 
AP structure. This flow is approximately one pm thick. 
1500 psia. Figures 111-7 through 10 -- The density of the ridges 




Figure 111-3. AP-HTPB-AP 1000 psia (x21.2). 
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Figure III-4. AP-HTPB 1000 psia (x106). 
CRACKS IN BINDER MELT 
Figure 111-5. AP-HTPB 1000 psia (x110). 
19 
Figure 111-6. AP-HTPB 1000 psia (x510). 
Figure 111-7. AP-HTPB-AP 1500 psia (x20.8). 
Figure 111 - 8. HTPB -AP 1500 psia (x102). 
20 
AP-HTPB-AP 1500psi.>-1 200,M 
Figure 111-9. AP-HTPB-AP 1500 psia (x102). 
21 
Figure III-10. HTPB-AP 1500 psia (x106). 
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uniform over the entire AP surface. The binder melt flow extends 200 pm 
over the oxidizer surface. The binder height is 400 pm. There is a 
continuous slope at the binder-oxidizer interface and the point of maximum 
regression has been displaced further from the interface than at lower 
pressures. 
2000 psia. Figures III-11 through 13 -- The surface is still 
covered with ridges and valleys but in several areas a region of hemispherical 
protrusions with radii of 50 pm were observed. The binder melt flow is more 
irregular. It extends up to 350 pm onto the AP in some areas and is non-
existent in other areas. The binder height is 500 pm. The location of the 
point of maximum regression varies with the binder melt flow. At one 
section it is located near the interface while at another section it has 
moved to the free edge of the oxidizer. There is also some indication of 
an edge cooling effect at one free edge, but it is not uniform and none 
was observed with the previous three samples. Therefore retardation of 
oxidizer burning rates near the free edges due to cooling effects has 
been considered unimportant. 
In summary, for the pure AP-HTPB sandwiches, it can be said that as the 
pressure increases the mean surface irregularities increase, the binder 
height increases, the binder melt flow does exist and it's extent tends to 
increase. The point of maximum regression is always in the oxidizer and 
tends to move away from the binder as the pressure increases. There is no 
substantial cooling effect noted. These observations are in accord with 
the results of Boggs and Zurn. 
Catalysts in the Oxidizer  
The following section is devoted to a discussion of the electron 
Figure III-11. AP-HTPB-AP 2000 psia (x20.4). 
Figure 111-12. A•HTPB 2000 psia (x106). 
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Figure 111-13. HTPB--AP 2000 psia (x102). 
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micrographs from the samples containing the catalyst in the ammonium per-
chlorate. They were compared to each other and to the pure sandwiches 
just discussed. The micrographs are included in Figures 111-14 through 52. 
These micrographs cover 13 samples and they are summarized in Table 111-2. 
Table 111-2 
Summary of Results from Scanning Electron Microscopy of Composite Solid 
Propellant Sandwiches with Catalyst in the Oxidizer 
Catalyst 	Location 	Pressure 	Figure 	Binder 	Binder-Oxidizer 
psia No. Melt Interface 
	
III- 	Flow 	Slope 
4m 












Ferric in AP 600 23,24,25 6o-8o 
Oxide 1000 26,27,28 none 
(I0) 1500 29,30,31 <50 
2000 32 ,88,34 <25 
Ferrocene 
(F) 
in AP 600 35,36, 
37,38 
50 
1000 39,40 60 
1500 41,42,43 <50 
2000 44,45 <40 
Iron Blue in AP 600 35,46 <30 
(1B) 1000 39,47,48 <10 
1500 41,49,50 30 




















AP and CC - HTPB. 
600 psia. Figures 111-14 and 15 -- The surface of the ammonium 
perchlorate with 2% by weight of CC is relatively smooth and uniform. There 
is a porous structure of holes of diameter less than 4 pm. The oxidizer 
surface with catalyst has a slope of between 40 ° and 48° . There is a slight 
binder melt flow over the oxidizer surface of 30 pm. The maximum regression 
is in the oxidizer. Some particles have been deposited on the binder, 
probably during the quench process. 
1000 psia. Figures 111-16 through 18 -- The surface of the oxidizer 
with catalyst resembles the 600 psia sample. The slope of this surface lies 
between 40 ° and 45° . It does not appear to be as steep as the previous 
case. The binder melt flow varies from 25 to 50 pm. There is a continuous 
slope at the interface at specific locations as shown in Figure 111-18. 
The maximum regression point appears to be at the edge of the binder melt 
flaw. 
1500 psia. Figures 19 and 20 -- The surface of the oxidizer with 
catalyst continues to be relatively smooth. The slope of this surface is 
almost 49° . The binder melt flow has been reduced to between 10 pm and 
40 pm. Again, the slope at the interface is continuous at specific locations 
where the binder melt flow is the most extensive. 
2000 psia. Figures 21 and 22 -- The surface of the oxidizer with 
catalyst is relatively smooth and the slope of this surface has increased 
to 64° . The melt flow appears to extend approximately 25 pm. The maximum 
regression point occurs within 25 p of the interface. 
These four samples were very consistent; the AP with 2% by weight of CC 
exhibited a relatively smooth surface for the four pressures. The slope of 
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Figure 111-14. AP and Cu0202(CC)-HTPB-AP 600 psia (x27). 
Figure 111-15. AP and Cu0202(CCO-HTPB 600 psia (x240). 
Figure 11I-16. AP and Cu0202(CC)-HTPB-AP 1000 psia (x24.6). 
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Figure II1 - 17. HTPB-AP and Cu0202(CC) 1000 psia (x238). 
29 
Figure 111-18. AP and Cu0202 (CC)-HTPB-AP 1000 psia (x49.3). 
Figure III-19. AP and Cu0202 (CC)-HTPB-AP 1500 psia (x26.5). 
Figure III-20. AP and Cu0202 (CC)-HTPB 1500 psia (x250). 
30 
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Figure 111-21. AP and Cu0202 (CC)-HTPB-AP 2000 psia (x25). 
Figure 111-22. AP and Cu0202 (CC)-HTPB 2000 psia (x280). 
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the oxidizer with catalyst surface appears to increase as the pressure 
increases. This was inconsistent with the results obtained from cinephoto-
macrography. The surface slope decreased as the pressure increased from 
50° to 20° . There is a virtual discontinuity in slope at the interface, 
but the leading edge of regression, while appearing to be at the binder-
oxidizer interface, is actually displaced outward by the slight melt flow. 
AP and I0 - HTPB. 
600 psia. Figures 111-23 through 25 -- The surface of the oxidizer, 
AP with 2% by weight of I0, consists of a smooth background with flakes of 
approximately 50 pm in diameter scattered over the entire surface. This 
flake structure is also visible on the solidified binder. There is a mild 
slant at the binder-oxidizer interface with evidence of retardation of the 
oxidizer at this interface due to a binder melt flow of 60 to 80 4m. There 
is a slope discontinuity indicated at this interface in Figures 111-24 and 
25. 
1000 psia. Figures 111-26 through 38 -- The flake structure is 
observed on the oxidizer surface. The size of individual particles has 
increased slightly to 60-100 pan. The structure of these flakes seems to be 
small petaloid structures of 10 4m diameter. The background oxidizer is 
still relatively smooth. There was no obvious binder melt flow. The 
maximum regression appears to be at the binder oxidizer interface where 
there is a definite discontinuity in slope. 
1500 psia. Figures 111-29 through 31 -- The entire oxidizer 
surface has been covered with a layer of particles probably related to a 
further coalescing of the flake structure observed at lower pressures. 




Figure 111-23. AP-HTPB-AP and Ferric Oxide (TO) 600 psia (x27). 
Figure 111-24. HTPB-AP and Ferric Oxide (ICI) 600 psia (x260). 
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Figure 111-25. AP and Ferric Oxide (10)-HIPB 600 psia (x220). 
Figure 111-26. AP and Ferric Oxide (10)-HTPB-AP 1000 psia (x21.2). 
34 
Figure 111-27. AP and Ferric Oxide (I0)-HTPB 1000 psia (x204). 
Figure 111-28. HTPB-AP and Ferric Oxide (10) 1000 psia (x204). 
35 
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Figure 111-29. AP and Ferric Oxide (10)-HTPB-AP 1500 psia (x27). 
Figure 111-30. AP and Ferric Oxide (IO)-HTPB 1500 psia (x240). 
APEtIO-HTPB-AP 2000 psi 
i 00_ 
Figure 111-31. AP and Ferric Oxide (I0)-HIPB-AP 1500 psia (x230). 
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Figure 111-32. AP and Ferric Oxide (I0)-HTPB-AP 2000 psia (x19.6). 
38 
removed by the rapid depressurization. There is an indication of a binder 
melt flow of less than 50 pm with a definite cusp or double dip of the binder 
surface visible in Figures 111-30 and 31. Molten binder could be ejected 
during the quench process to form this double dip. 
2000 psia. Figures 111-32 through 34 -- Again the entire oxidizer 
surface has been covered with a definite crust-like structure. This has 
no resemblance to the flakes observed at lower pressures. The difference 
is easily seen in Figure 111-34. The surface where the crust has been 
removed is similar to the background surface observed at lower pressures in 
Figures III-24 and 28. Large sections of this crust have been removed, 
probably in the quench process. The binder melt flow is intermittent and 
less than 25 pm in extent when it occurs. Again there is a relative maximum 
of the binder height giving the appearance of a cusp at the binder oxidizer 
interface. The leading edge of regression appears to be located at the 
binder-oxidizer interface or slightly into the binder; however, the latter 
possibility is doubtful. 
There is a definite similarity of the background surface of the AP 
and I0 for all pressures. From the cinephotomacrography for this series 
of experiments, the formation of a large scale frothy structure was 
indicated. The formation of this froth increased as the pressure increased. 
Sections of this structure can be observed to break off as the sample 
continues to burn. The flakes and the crust of the quenched samples are 
the only remnants of this frothy structure. The binder-oxidizer interface 
slope is not continuous and the slope of the oxidizer surface is similar 
for all pressures. This was not consistent with the cinephotomacrography 
results. The sample slopes varied from 55° to 60° at 600 psia to 20° at 
2000 psia in the movies. 
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Figure 111-33. AP and Ferric Oxide (10)-HTPB 2000 psia (x195). 
Figure 111-34. AP and Ferric Oxide (I0) 2000 psia (x484),. 
4o 
AP and F - HTPB. 
600 psia. Figures 111-35 through 38 -- The surface of the 
oxidizer, AP with 2% by weight of F, is uneven and frothy. There is a 
resemblance to that of the pure AP. There appears to be a scattering of 
additional particles resting on the surface of the oxidizer. These particles 
do not appear to be in the binder melt flow. There is a definite binder 
flow of at least 50 4m in extent. The binder appears to sag more than in 
previous samples. This sag leads to the dark lines of Figures 111-37 and 38. 
1000 psia. Figures 111-39 and 40 -- The surface continues to 
resemble that of pure AP with additional particles observed on the uneven 
surface. An optical microscopic investigation showed that these particles 
were red and black. The binder melt flow was 60 pm. The maximum regression 
is occurring at the edge of the binder melt flow. The slope is continuous 
at the interface. 
1500 psia. Figures 111-41 through 43 -- The appearance of the 
entire surface is slightly smoother than for the pure AP above. The 
ridges and valleys structure is apparent but the density of roughness is 
greater than with pure AP. Red and black particles again are obvious on 
the surface. The binder melt flow is less than 50 pm in extent; this is 
retarding the AP regression at the interface and displacing the point of 
maximum regression slightly to the oxidizer. 
2000 psia. Figures 111-44 and 45 -- The binder melt flow has 
been reduced to less than 40 4m. The oxidizer surface has lost any 
similarity with the pure AP case. The surface is irregular and frothy 
in appearance. Particles are still visible on the surface but their 
diameters have decreased. 
APaF-HTPB- • P-HTPB- AP o.18 
Figure 111-35. AP and Ferrocene (F)-HTPB-AP-HTPB-AP and Iron 
Blue (IB) 600 psia (x28). 
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Figure 111-36. HTPB-AP and Ferrocene (F) 600 psia (x262). 
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Figure T11-37. AP and Ferrocene (F)-HTPB 600 psia (x650). 
Figure III-38. AP and Ferrocene (F)-HTPB 600 psia (x250). 
Figure 111-39. AP and Ferrocene (F)-HTPB-AP-HTPB-AP and Iron 
Blue (IB) 1000 psia (x18.7). 
Figure 111-40. HTPB-AP and Ferrocene (F) 1000 psia (x221). 
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Figure 111-41. AP and Iron Blue (IB)-HTPB-AP-HTPB-AP and 
Ferrocene (F) 1500 psia (x28.7). 
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Figure 111-42. HTPB-AP and Ferrocene (F) 1500 psia (x240). 
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Figure 111-43. AP and Ferrocene (F) 1500 psia (x260). 
Figure 111-44. AP and Ferrocene (F)-HTPB-AP-HTPB-AP and 
Iron Blue (TB) 2000 psia (x24.3). 
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Figure 111-45. AP and Ferrocene (F)-HTPB 2000 psia (x255). 
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There is a definite change in the surface composition for these cases 
as the pressure increases. Initially there seems to be little effect, 
while at the highest pressure the surface is completely different. The 
surface slope has remained essentially constant. This is in agreement with 
the cinephotomacrography results. The binder melt flow decreased as the 
pressure increased. This has allowed the point of maximum regression to 
be located very close to the binder•oxidizer interface at higher pressures. 
AP and IB - HTPB. 
600 psia. Figures 111-35 and 46 -- Due to the use of triple 
sandwiches these micrographs are not in the proper order. The surface of 
the oxidizer appears to be very porous for this case. Again, particles of 
20 pm diameter are visible on the surface. These appear red when viewed 
with the optical microscope. The binder melt flow is less than 30 pm. 
The slope at the binder oxidizer interface is continuous. There is indication 
of binder sag upon cooling. 
1000 psia. Figures 111-39, 47 and 48 -- The surface in this 
case closely resembles that of AP and F; the particles appear to be about 
the same size. There was a definite red residue on this sample, visible 
to the eye. The binder melt flow is less than 10 pm in extent. The slope 
is continuous at the interface and the radius of curvature of the surface 
is small. 
1500 psia. Figures 111-41, L19 and 56 -- The surface has a very 
porous appearance, again covered with a red residue. The binder melt flow 
extends up to 30 pm in sections, but is non-existent in others. The slope 
of the oxidizer surface has decreased as the pressure increased. There is 
no indication of cooling sags. 
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Figure 111-46. HTPB-AP and Iron Blue (IB) 600 psia (x260). 
Figure 111-47. AP and Iron Blue (IB)-HTPB-AP 1000 psia (x18.7). 
Figure 111-48. AP and Iron Blue (IB)-HTPB 1000 psia (x196). 
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Figure 111-49. AP and Iron Blue (IB)-HTPB 1500 psia (x230). 
Figure 111-50. AP and Iron Blue (IB-HTPB) 1500 psia (x270). 
51 
2000 psia. Figures 111-51 and 52 -- The surface appears very 
porous with the indication of a crust coating which has been removed due 
to the depressurization process. There is no binder melt flow. There is 
considerable binder sag upon cooling with a possible indication of maximum 
regression in the binder. The surface slope has decreased for this case. 
The surface of the AP and IB becomes smoother as the pressure increases. 
A surface coating of particles also increases. The slope of the surface 
decreases as the pressure increases and this was contrary to the cinephoto-
macrography results. A maximum slope of 64 ° was reached at 1500 psia for 
the movies. 
Catalysts in the Binder  
The following micrographs (Figures 53 through 79) show the details of 
the samples containing catalyst in the binder. All samples in this section 
were triple sandwiches allowing the comparison of two catalysts per run. 
A summary of these tests is given in Table 111-3. 
Several statements can be made which cover all four catalysts used in 
this phase of the investigation. There was no obvious change of the AP 
surface structure of these samples as compared to the pure AP-HTPB-AP 
sandwiches, which are used as standards of comparison. The binder melt 
flows are reduced or eliminated completely. The binder heights are reduced. 
In some cases it was impossible to determine a binder height due to the 
extensive sagging of the binder. The sagging and wrinkles in the solidified 
binder were much more noticeable in these samples. These binders seem to 
have higher viscosities. The binder melt flow decreased as the pressure 
increases. The binder-oxidizer interface slope is continuous for most 
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Figure III-51. AP and Iron Blue (IB)-HTPB 2000 psia (x26.5). 
Figure 111-52. AP and Iron Blue (IB-HTPB) 2000 psia (x240). 
AP-HT P Bei 10-APrirITP 
600 psi. 
Figure 111-53. AP-HTPB and Ferric Oxide (IO)-AP-HTPB and 
Cu0202 (CC)-AP 600 psia (x28). 
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Figure 111-54. AP-HTPB and Cu0202 (CC)-AP 600 psia (x136). 
Figure 111-55. AP-HTPB and Ferric Oxide (I0)-AP 600 psia (x139). 
Figure 111-56. AP-HTPB and Ferric Oxide (IO)-AP-HTPB and Cu0202 
(CC) 1000 psia (x214). 
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Figure 111-57. AP-HTPB and Cu0202 (CC)-AP 1000 psia (x116). 
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Figure 111-58. AP and HTPB and Ferric Oxide (10)-AP 1000 psia (x116). 
Figure 111-59. AP-HTPB and Cu0202 (CC)-AP-HTPB and Ferric 
Oxide (10)-AP 1500 psia (x24). 
Figure 111-60. AP-HTPB and Cu0202 (CC) 1500 psia (x223). 
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Figure 111-61. HTPB and Ferric Oxide (10)-AP 1500 psia (x210). 
Figure 111-62. AP-HTPB and Ferric Oxide (I0)-AP-HTPB and 
Cu0202 (CC) 2000 psia (x24). 
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Figure 111-63. AP-HTPB and Cu0202 (CC) 2000 psia (x106). 
Figure 111-64. AP-HTPB and Ferric Oxide (10) 2000 psia (x200). 
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Figure 111-65. AP-HTPB and Iron Blue (IB)-AP-HTPB and 
Ferrocene (F)-AP 1600 psia (x29). 
Figure 111-66. AP-HTPB and Ferrocene (F)-AP 600 psia (x135). 
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Figure 111-67. AP-HTPB and Ferrocene (F)-AP 600 psia (x136). 
Figure 111-68. AP-HTPB and Iron Blue (1B)-AP 600 psia (x143). 
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Figure 111-69. AP-HTPB and Iron Blue (IB) 600 psia (x155). 
HTPB 811B-AP 600psi 
A P BUB BL 	--)11 I 2.5P 
Figure 111-70. AP Bubble 600 psia (x1300). 
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Figure 111-71. AP-HTPB and Ferrocene (F)-AP-HTPB and 
Iron Blue (IB) 1000 psia (x27). 
Figure 111-72. AP-HTPB and Ferrocene (F) 1000 psia (x140). 
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Figure 111-73. HTPB and Iron Blue (1B)-AP 1000 psia (x130). 
Figure 111-74. AP-HTPB and Iron Blue (IB)-AP-HTPB and 
Ferrocene (F) 1500 psia (x18.7). 
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Figure T11-75. HTPB and Ferrocene (F)-AP 1500 psia (x476). 
Figure 111-76. AP-HTPB and Iron Blue (IB) 1500 psia (x476). 
Figure 111-77. AP-HTPB and Ferrocene (F)-AP-HTPB and 
Iron Blue (IB)-AP 2000 psia (x26). 
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Figure 111-78. AP-HTPB and Ferrocene 2000 psia (x98). 
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Figure 111-79. AP-HTPB and Iron Blue (IB)-AP 2000 psia (x110). 
Table 111-3 
Summary of Results from Scanning Electron Microscopy of Composite 
Solid Propellant Sandwiches with Catalyst in the Binder 











Cu0202 (CC) in HTPB 600 53,54 100 130 
1000 56,57 120 350 
1500 59,60 50 undetermined 
2000 62,63 none 250 
Ferric in HTPB 600 53,55 7o 170 
Oxide 1000 56,58 6o 190 
(10) 1500 59,61 none 120 
2000 62,64 none undetermined 
Ferrocene in HTPB 600 65,66,67 45 165 
(F) 1000 71,72 20 270 
1500 74,75 20 undetermined 
2000 77,78 none 200 
Iron Blue 
(IB) 
in HTPB 600 65,68, 
69,70 
loo 200 
1000 71,73 50 280 
1500 74,76 none undetermined 
2000 77,79 5o 250 
cases but tends to be discontinuous as the pressure increases. 
Summary and Interpretation  
The scanning electron microscope observations have both agreed and 
disagreed with the cinephotomacrography results. The quenched samples 
have indicated higher oxidizer surface slopes as the pressure increases 
when Cu0202 catalyst was added to the AP. This was not indicated by the 
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high speed movies. This indicates that Cu0202 may be the most effective 
catalyst for addition in real propellants. The AP and I0 quenched samples 
did not exhibit any variation in surface slope with pressure. This con-
flicted with a distinct decrease observed in the high speed movies. 
The delay times obtained from the sample burn rate curves of Chapter 
II were used to obtain partially burned samples. There was no disagreement 
for the cases of catalyst in the binder or oxidizer. Discrepancies were 
encountered when the catalyst was located at the interface. The micrographs 
obtained for these samples are included in Appendix A. 
The point of maximum regression of the oxidizer surface was always 
located at the edge of the binder melt flow. The slope of the binder 
oxidizer interface slope is only discontinuous for the case of no binder 
melt flow. 
A primary observation is that all catalysts at all pressures reduce 
the binder melt flow extent when either loaded into the AP or into the 
binder. This is most probably some form of catalytic effect because it 
occurs at low pressures when the overall sandwich rates are not augmented 
over the pure HTPB-AP burn rates. Since the binder melt flows retard the 
pure AP rate, this could be an important mechanism for propellant catalysis. 
Although there is some disagreement between surface slopes in 
catalyzed cases when viewed through cinephotomacrography and scanning 
electron microscopy, the former results are accepted for determination of 
catalytic effectiveness in Section V. The reasons for this acceptance are 
that a) no knowledge of post-quench surface alterations is at hand and b) 
direct observation of the complete burn during the cinephotomacrography 
runs has assured that a steady profile was developed. 
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IV. ELECTRON MICROPROBE EXPLORATORY STUDIES 
An electron prbbe x-ray microanalysis has been performed on two pairs 
of samples. Both burned and unburned samples of pure AP and AP with 	Iron 
Blue were examined. The analysis was performed in the Physical Science Division 
of the Engineering Experiment Station of the Georgia Institute of Technology 
using an Acton Laboratories Electron Probe x-ray Microanalyzer, Model MS-64. 
This analyzer is equipped with a light element detection system. It is 
possible to detect elements from boron, atomic number 5, to uranium, atomic 
number 92. This system cannot detect the four lightest elements, hydrogen, 
helium, lithium and beryllium. 
The electron probe x-ray microanalyzer is an instrument used for x-ray 
spectrochemical analysis of surfaces between 0.5 to 200 pm diameter on the 
surface of a solid specimen. The instrument consists of three basic components, 
an electron beam similar to the SEM, an x-ray optical system with a suitable 
detector, and an optical microscope to select the area to be analyzed. The 
x-ray optical system is arranged to accept x-rays with an effective emergent 
angle of 18° from the specimen surface for all wavelengths. The optical 
microscope has a resolution of better than one pm with a magnification of 
400x. 
An electron beam size of 100 pm was used to investigate the oxidizer samples. 
This beam size was chosen to minimize damage to the surface by the electron 
beam. This would not have been as serious of a problem, if the sample were 
an electrical conductor. The electrons remain near the irradiation site for 
a nonconductor and create a negative charge which causes the beam to jump 
back and forth at random on the surface. This is accompanied by sparking 
70 
which rapidly deteriorates the sample surface. This type of damage was noted 
for all samples. 
The electron micrographs of Chapter III were obtained by observing the 
secondary or backscattered electrons emitted by the sample as the electron 
beam of .01 4m diameter scanned the sample. These electrons are prevented 
from reaching the x-ray detector by an electron trap consisting of a permanent 
magnet with a special pole piece designed to deflect any electrons out of the 
x-ray path before they can enter the spectrometer chamber. These electrons 
cause a high background noise level if they reach the x-ray detector. 
The analyzing electronics of the electron probe result in a strip chart 
record of the x-ray spectrum of the sample. These are shown in Figures IV-1 
and 2. The ordinate of the spectrum is the variation in intensity of the 
x-rays, as obtained from a linear ratemeter which displays a signal that 
has been processed by a pulse-height analyzer system. The abscissa of the 
trace is the distance from the mica crystal to the sample. The known 
identification spectra for this microprobe are tabulated in this dimension, 
which can be converted directly to wavelength by the equation 
A (A) = 0.3978 L(mm) 
The pure AP sample spectra are shown in Figure IV-l. The unburned sample 
exhibited more damage due to the electron beam than the other three samples. 
No dominant chlorine peak was detected by the strip chart record, but a 
direct reading of the pulse height analyzer output before beam damage could 
be appreciable showed equal counts for chlorine for both the burned and un-
burned samples. A small amount of carbon was indicated in the burned sample. 
The amount was just above the limit of detectability. A slightly higher 
indication of oxygen was obtained. 
A (A)=0.03978 L (mm) 
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Figure IV-2. Characteristic X-Ray Spectra from Ammonium Perchlorate with 
2% by Weight Iron Blue Samples. 
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The AP with 	Iron Blue sample spectra are shown in Figure IV-2. The 
beam damaged these samples also. Quick counts were again taken to obtain 
a quantitative measure of the iron present in the samples. The unburned 
sample indicated a count equivalent to 3.06 weight % of a pure iron sample, 
while the burned sample showed a decrease to 2.60 weight /0. This would be 
assuming the iron standard and the iron in the sample are in the same 
chemical state. This is not necessarily true here. There was an indication 
of sulfur present on the unburned sample but it was not present on the burned 
sample. The difference between the quick counts and the intensity of iron 
x-rays can be attributed to beam damage of the sample. 
The results of the microprObe analysis were disappointing. A long 
delay was encountered in the analysis time due to equipment changes which 
had to be made with the light element detection system. It was felt that 
this time delay would result in quantitative measurements of relative 
concentrations of carbon, iron, nitrogen and oxygen. It is necessary to use 
special vacuum path with a 500 A collodion window to isolate the detector 
from the sample for elements below an atomic number of 11. Since the only 
source of carbon and iron would be the iron blue with the chemical formula 
Fe(N114)Fe(CN) 6 and the only source of oxygen and chlorine would be the 
ammonium perchlorate, NH4C104 , it was expected that a detailed quantitative 
chemical analysis of the surface layer of a burned and unburned sample would 
yield sufficient information to postulate the suitable chemical reactions 
which had taken place near the oxidizer surface. In some cases concentrations 
of one part in 10 5 have been reported by this type of microprObe analysis. 
If the reactions were known for the pure AP sample surface, then the 
significance of the catalyst, iron blue, could also be determined. As can 
be seen from Figures IV-1 and 2 along with the discussion this was not 
possible. Because of the extremely long delay in analysis of these samples, 
it was not possible to formulate a new series of tests. It may have been 
possible to Obtain suitable results without sample damage, if the electrically 
nonconducting samples had been coated as for the scanning electron microscope 
observations. No sample damage was detected during those observations with 
a much smaller, more intense beam, .01 as compared to 100 pm in diameter. 
The quick counts obtained at fixed detector locations would yield more 
accuracy than the entire spectrum scans. The fixed detector locations would 
be at known crystal distances for detection of x-ray radiation from specific 
elements. Further measurements would not be useful unless the light 
elements (below atomic number 12) could be detected with more accuracy. 
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V. RELEVANCE OF SANDWICH RESULTS TO COMPOSITE PROPELLANT BEHAVIOR 
This section attempts to illustrate the use of mechanistic results 
inferred from sandwich tests to predict behavior in an actual composite 
propellant. The catalytic results mentioned in previous sections may be 
summarized by a) with the exception of IB and F below 800 psia addition of 
catalyst to the binder has no appreciable catalytic effect, b) with the 
exceptions of (i) CC above 1000 psia and (ii) TO above 1600 psia the primary 
catalytic mechanism appears to be augmentation of the binder-oxidizer gas 
phase kinetics and c) for the exceptions noted in b) the primary catalytic 
mechanism appears to be augmentation of the AP deflagration rate. In all 
cases it appears that through an unknown mechanism catalysts reduce the 
extent of binder melts and this may also be a rate-augmenting process. However, 
the primary differences between catalysts appear to lie in their ability to 
augment either the AP deflagration or the binder-oxidizer reaction kinetics. 
Furthermore, to make the binder-oxidizer reactions faster it appears desirable 
to introduce the catalyst from the AP side of the sandwich. 
An indication for real propellants, which usually introduce the catalysts 
through a binder mix, is that the available surface area of AP should be 
made as large as possible (small particle size) to increase the probability 
of catalyst particles of reaching the hot gases of the AP decomposition and 
deflagration. This hypothesis will be tested below. 
Since the catalyst is not usually loaded into the AP in a real propellant, 
the most likely mechanism for propellant catalysis would appear to be the 
enhancement of the binder-oxidizer reaction kinetics. Consequently, the 
sandwich indications along this line (separation of dashed and solid curves 
in Figure 11-2) should be directly applicable to propellant results. Sum-
marizing the sandwich results and interpreting them insofar as propellant 
behavior is concerned, Table V-1 is constructed. The results of Table V-1 
are only uncertain with regard to the strong AP enhancement of CC. If this 
mechanism does come into play in a real propellant the effects of CC could 
be underestimated at high pressure. Furthermore, IO behavior above 1200 
psia could be underestimated. 
Table V-1 
Comparison of Catalyst Predictions in a Propellant Environment 









10, IB, F equiva-
lent in enhancing 
rate. CC should 
be somewhat 
inferior 
IB slightly superior 
to F which is slightly 
superior to IO which is 
superior to CC in rate 
augmentation 
In order to test these predictions an unpublished Thiokol correlation 
8 ) formula for burn rate has been used (  . Only IO and F catalysts were common 
to the Thiokol correlation and the current sandwich tests. The formula for 
HTPB binder reads 
r(in/sec) = ap
n 
1 " 	 2 
a = 10 lantilog10 





n = .239 + .744 -I5
1 
- .70752 + .00085q + B
o
w + B1 w2 1  
b = %binder 
q = % AP 





D1 = 	q2 	qn)/(q1P13 	°Inp.n3) 







I0 -.301 .091 .191 -.049 
F .258 0 0 0 
Sample results for a unimodal particle size distribution are shown in Figures 
V-1 and 2. The remaining ingredient percentage not indicated on the figures 
pertains to aluminum loading. Defining the catalyst effectiveness as the 
difference in burn rate between the catalyzed and no-catalysis cases, it is 
seen that the sandwich prediction of greater effectiveness as the AP size 
decreases is upheld. 
With regard to pressure level the prediction of Table V-1 is correct 
in the 1000-1600 psia range; there is virtually no propellant difference 
between I0 and F. F is somewhat better than I0 at 600 psia, as seen in 
Figures V-1 and 2. This may be accounted for by the low pressure result with 
F that it becomes effective when located in the binder (see Figure 11-3), in 
which case Table V-1 should be modified for IB also. In the pressure range 
1600-2000 psia the propellant results show virtually no difference between 
F and I0 whereas the sandwich results would predict a slight superiority of 
F. Again, this may be due to the action of I0 on the AP deflagration, which 
was neglected in the construction of Table V-1. If this is the case, then 
the prediction for CC should be modified. By and large, however, the 
sandwich results predict that I0 and F should be roughly equivalent and this 
is borne out experimentally for real propellants. 
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Figure V-2. The Effect of Ferrocene Catalyst on HTPB-AP-Al Propellants. 
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VI. SANDWICH ANALYSIS 
Model Construction and Assumptions  
As an aid in interpretation of experimental results it is desirable to 
have an analytical model of sandwich deflagration. Even in the two-
dimensional case, however, the problem is highly complex due to a) an unknown 
surface shape, b) nonlinearities in the governing equations due to chemical 
reaction and the unknown surface shape, c) two phase heat transfer, d) 
multiple chemical reactions and e) a mathematically elliptic problem which 
reverts to a parabolic problem sufficiently far from the oxidizer surface 
(as will become apparent later). Accordingly, the maximum use of experimental 
information is sought which still does not restrict the usefulness of the 
model in understanding experimental results. The initial model therefore 
uses the following observations: 
a) Far from the binder-oxidizer interface the AP regresses as pure AP. 
Furthermore, for binder thicknesses of the order used in the experimental 
studies 	150 pm) there is little effect of one side of a sandwich upon the 
other side even when dissimilar materials are used. Therefore, the initial 
model development is concerned with a semi-infinite slab of AP against a 
semi-infinite slab of binder. 
b) A steady state is achieved experimentally with AP oxidizer. 
Consequently, time dependence is assumed absent. 
c) For uncatalyzed sandwiches the experimental results show very little 
effect of the binder-oxidizer reactions upon the surface profile. The initial 
model is therefore constructed assuming binder-oxidizer reactions to have 
negligible rate. Furthermore, the effect of catalysis is not treated. 
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The initial model therefore asks the question of the surface shape 
attained by a semi-infinite slab of AP which pyrolyzes a semi-infinite slab 
of binder. Posed in this manner it is immediately recognized that the 
problem has neither a unique solution nor a steady solution because a) the 
final shape would depend upon the geometry of ignition and b) it would take 
an infinite time to establish a steady profile in a semi-infinite slab of 
inert binder. The ignition problem is seen by imagining two cases - one 
in which ignition is achieved by a line heat source (say an ignition wire) 
and a second in which ignition is achieved uniformly over the entire AP 
surface. In the first case the AP would take on the shape of ever-increasing 
circular radii from the ignition point. In the second case the AP would 
deflagrate in a planar fashion except in the vicinity of the binder. For 
the current analytical model the second case will be assumed. The question 
of attainment of a steady binder profile can be answered by imposing a 
"local" steadiness in the vicinity of the binder-oxidizer interface. While 
it is true that far from the AP surface the binder will continually change 
shape, as it is eaten away by the hot AP deflagration gases, it is reasonable 
that for a certain distance (to be suggested by analysis) above the binder-
oxidizer interface the binder shape will be time-invariant,, after a certain 
ignition transient. 
For this initial model the absence of binder melts will be assumed. The 
limits of validity will then be determined by comparison of the model and 
experimental results. For the AP deflagration process the Guirao-Williams 
model ( 9 ) is accepted with an equilibrium assumption for the gas-solid 
interface. Some minor modifications are introduced into the model of 
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Reference (9) for computational convenience; these will be described below. 
Use of this model will restrict the sandwich theory validity to the pressure 
range 20-100 atm, because there is no AP theory capable of an explanation 
of observed phenomena above 100 atm. 
Other usual assumptions are made to simplify the analysis which, while 
they lead to numerical errors of order unity, do not alter significantly 
the scaling rules developed with respect to other variables. These assump-
tions are: a) the thermal and transport processes of the solid AP and 
binder are identical, b) the thermal and transport properties of all gas 
phase species are identical, c) the Lewis number is everywhere unity in the 
gas phase, d) the deflagration process takes place at constant pressure, e) 
heat conduction and mass transfer take place by temperature and concentration 
gradients, only, respectively, and the transport coefficients are independent 
of temperature in both the solid and gas phases. A final major assumption 
is that on any vertical line parallel to the binder-oxidizer interface the 
pv product (density times velocity) is that as determined in the solid 
phase and all lateral velocities are zero (strictly true in the solid phase). 
This is in the spirit of the Burke-Schumann approximation as expounded in 
Reference (10). This does yield error in convection effects upon heat 
transfer, but exact treatment of the problem is too complex. 
The configuration is shown in Figure VI-1, in which the coordinate 
system is rendered stationary by a translation of the interface in the y 
direction at the rate r. Under the stated assumptions the equations for 
solution and the boundary conditions are: 
GAS PHASE 
NH3 -HC104 FLAME 
>  
X 
BURN r I 
RATE 




Figure VI-1. Sandwich Schematic and the Coordinate System. 
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T continuous, VT continuous within a phase 	 (VI-10) 
dys /dx -m) = 0 	 (VI-11) 
The products of AP gasification are assumed NH
3 
and HC10
4 which are assumed 
identical molecules for mass transfer computation. k is a rate coefficient 
for the assumed second order reaction; k m p
2




F in Equation (VI-3) occurs because q R 
is quoted per unit mass of AP 
rather than per unit mass NH 3 . The equilibrium interface on AP is specified 
through Equation (VI-9). This formulation, as far as the AP deflagration 
process is concerned, differs from that of Reference (9) in the following 
respects: a) no dilution of the NH3 and HC104 is assumed at the solid - gas 
interface, although it is tacitly accounted for by the choice of a number 
for q6 ; b) calculations are simplified by taking the molecular weight of 
all species to be the same. The constants k and b
F 
will be so chosen to 
recover the same burn rate and surface temperature results as in Reference 
( 9 ) 
Equation (VI-6) is the pyrolysis law for the binder, Equation (VI-7) 
is the energy conservation law at the solid gas-interface, and Equation 
(VI-8) is the interface diffusion law. Note in Equation (VI-7) that q 
undergoes a discontinuity at the binder-oxidizer interface and Equation 
(VI-8) is only valid on the AP side of the interface. Shown in Table VI-1 
are typical values used in this work for the various parameters. 
Mathematical Character of the Problem 
In this problem r will be specified from known AP results since the 
assumption is, as verified by experiment, that far from the binder the AP 
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undergoes a pure AP planar regression. The quantities k and b F will be 
picked to make the analysis consistent, given r. Equations (VI-1 - 4) 
define an elliptic problem in the sense that what happens at one point in 
the field affects every other point. Yet, if the binder is hard to decompose 
and it assumes a nearly vertical surface, it appears obvious that the picture 
becomes one of a (nearly) flat plate of binder over which hot AP gases are 
flowing. If the Reynolds number based on distance along the binder were 
large enough this would revert to a parabolic problem because 6/bx>> 6/by 
would result. However, exactly at the binder-oxidizer interface, the 
Reynolds number is zero. Since it is precisely this region that is of 
interest, the full elliptic problem must be solved. In order to gain an 
idea of magnitudes involved here the equations are nondimensionalized with 
respect to a distance scale us /r and temperature To . Heats of gasification 
are made dimensionless by c T and activation energies by RT. The result 
p o 	 o 
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g continuous, Vg continuous within a phase 
Y;( - ') 	0 
Table VI-1 
Numerical Values for Various Parameters 
Quantity 	 Value 	 Reference 
To 	 300° K 	 Assumed 
P s 	 1.95 gm/cm3 	 9 
cp 	
.3 cal/geK 	 9 
c s 	 .3 cal/gm° K 	 9 
R 	
172 cal/gm 	r- 
 L
to yield flame temperature] 
of 1205° K of Ref. (9 ) J 
	










cal/cm sec°K 	 9 




	30 kcal/mole 	 9 
Es 	
8.7 - 17 kcal/mole 	 11 
B 
1 - 150 cm/sec 	 11 
qs 
B 




/r is known to be the "thickness" of the thermal wave which 
would occur in a planar regression. It is the reference dimension here. 
The parameter in Equations (VI-12) is nothing more than the ratio of a 
characteristic solid phase dimension (u s/r) to the characteristic gas phase 
dimension (a /v). If there were no modification due to the reaction rate 
term, the gas phase distance over which significant heat transfer would 
occur would be of the order of u /v. Using the parameters of Table VI-1, 
= 9.0, showing that the gas and solid phase characteristic scales are 
quite different. Furthermore, constructing the Reynolds number based upon 
y, it is found that Re = y, so that when y is of the order of l/ a 
transition is taking place between "low" and "high" Reynolds numbers. If 
important field quantity variations are taking place only over a gas phase 
distance of the order of 1/, the problem must be treated as elliptic with 
no simplifications possible through a boundary layer assumption. 
One characteristic of the problem does aid in simplifying the problem, 
however. The expectation is that fixing x and moving vertically above the 
surface the temperature would increase, reacha maximum near the point of 
reaction completion and then slowly decay due to heat transfer to the 
binder. This suggests the approximation that the temperature maximizes 
for fixed x at a point y where the reaction is complete. This will be 
adopted as an assumption and its use will be illustrated below. It is this 
assumption which allows a rather simple solution to be constructed. 
That the problem is nonlinear can be easily seen in the chemical 
reaction times.. A more subtle nonlinearity, arising from an unknown surface 
shape, can be best seen by changing the coordinate system from x, y to 
x, = y - ys (x). Now all boundary conditions may be applied at the point 
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z2g 1111 2Ys gllx Ys g7_ gl 
Since ys is an unknown, the nonlinear appearance of Equations (VI-13) is 
apparent. 
Solution by an Integral Technique  
Pure AP Deflagration. Far from the binder the AP must undergo a planar 
deflagration. In this case Equations (VI-13) become 
e /g 
Y 	= F - Zi-r2e g F77 F 
-Eg/g Gas 	 alyn 	+ 2gRkYFe - 
Solid 	 8
77 = 
with the boundary conditions from Equations (VI-12) as 
= gf 
7 
yo) = tl qs + 11117 (0)j 
YF ( 00) = 0 








where the only independent variable is now 11. A first integral of Equations 
(VI-14) subject to Equations (VI-15) is 
g(11)+ 2qR;(11) = gs + 2q1,3; = gf 	 (VI-16) 
To gain an approximate solution to Equations (VI-14) let 
YF = YF [1 - f( 11/c)] 	- Es = 	- as)f(l/c) 
where f(0) = 0, f(1) = 1 and c is the flame standoff distance. For simplicity, 
let f = 1/c and place this approximate form into the reaction rate expression 
of Equations (VI-14). Integrating the gas phase equations once and the 
solid phase equations twice yields 
(Solid) 	- 1) 	(gs - 1)0 
	
(Gas) YF -(0) = 	- ?, 	- Q('n) 
7s, s 
- Ell (0) = 	- Es) + 2qRQ(11) 
Q(7) = 	r (1 _ ,,c) 2 eg k 	f- -g's) Tvc]d, 
s 
Furthermore, an overall energy balance yields 
gf 
	= qR  - qs  -(gs  - 1) 
(VI-17) 
( vi-18) 
which is the equation for the adiabatic flame temperature. Evaluation of 




 /(1/c - YF) 





The procedure to complete the solution is the following: a) g
s 
as a 
function of pressure is taken from Reference ( 9 ); b) Equation (VI-18) 
yields gf (which is actually constant here because 7 = 1 and qR and qs are 




Equations (VI-19) determine c , bF and k. 
- 





Therefore, if the rate, r, is known at one pressure, it is known as a function 
of pressure. Shown in Table VI-2 are complete calculations for two sample 
pressures. 
Table VI-2 
One Dimensional AR Deflagration Results 
p 	r 	a 
s1 
 /r 	a 
Fs 
	






54.4 .735 20.9 880 2.93 .285 4.022 .1471 4.38 x 10 8 2.62 x 106 
100.0 1.000 15.3 911 3.04 .258 4.022 .1183 4.o6 x l08 3.39 x l06 
In Table VI-2 it will be noted that bF 
is not quite constant. This is due 
to the use of a slightly higher E s than in Reference ( 9 ). Furthermore, 
k 	
F 
is not quite proportional to (p/T.) 2 . This is due to the fact that r in 
Table VI-2 is the experimental value and it is known that between the two 
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values of pressure of Table VI-2 the theory of Reference ( 9) slightly 
overestimates the pressure sensitivity of the deflagration rate. These 
details are not considered important for the current theory because a 
precise model for AP deflagration is not sought; only the deviations from 
a planar regression, due to the binder essence , are required and the above 
theory appears adequate to serve as a baseline for perturbations due to the 
binder. 
Perturbed Solution. Upon extensive investigation of the partial dif-
ferential equations for small deviations from the one-dimensional regression 
it was determined that a) the deviations from the planar case in the gas 
phase could be expected to be simple deviations from the planar solution, 
but b) the solid phase deviations may be complex. By "simple" it is meant 
that the deviation is not oscillatory. Thus, if g(x,y) = a(x) 	G(x,y) 
where G(x,y) is the deviation from the pure AP case, G(x,y) may be expected 
to have monatonic behavior in y between the two end values G[x,y s (x)] and 




 (x) 1 
F 
s (VI-20) 
g - gs (x) 
	g (x) - gs (x) irc-1 
are guessed forms of the solution. Equations (VI-20) are placed in Equations 
(VI-l3) after an integration over 7 from 11 = 0 to T1 = c. The resulting 
nonlinear ordinary differential equations for the gas phase are 
c\// 2 
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. The boundary conditions from 
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The first five of Equations (VI-22) are the left hand boundary conditions 
on the five unknowns of the ordinary differential equations, Equations 
(VI-21). The next two equations of Equations (VI-22) are the surface 
diffusion and heat transport relations, which form two more differential 
equations for the unknowns. The last of Equations (VI-22) is an algebraic 




appearance of adan' s 	so that the solid phase, of course, must be- , 
treated. A major difficulty in solution of the nonlinear problem may be 













This singularity may be circumvented by first searching for asymptotic 
solutions to the problem which consists of the AP solution plus a small 
perturbation. The problem for the perturbation will be linear and the terms 
. 	 / 
y 













are zero for the AP solution). Since this asymptotic solution would be 
required anyway because of the inability to carry out a machine integration 
to x = -co, this solution will be constructed. It will be seen below that 
this is all that is required for binder properties of usual interest. 














g = 	+ G (x.) 	 c = c + C(c) 
s s s 
Ys  = Y(x) 
Substituting into Equations (VI-21 and 22), making use of the AP solution 
properties, and neglecting products and squares of perturbation quantities, 
there results 
1( 1 y c + 
Fs Fs 	
G 
1 gi s F 
+ CQc  -
F 
s 
IT, , , 	 , , 	 F 	
- 
2 Lt.7 1 c + G s c + C"(gs - al) . -2qR L  1G Q + y Q 	+ NC] 1 qi 	Fs yF 
1 	C(al - as ) 





s 	 (v1-23) 
G 	_ G _ ; 1 c 
1 s °1 rag i 	gi 
C2 - 	1 L6n1 s 	- anl s 	- 
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Gi (-c°) = Gs (-m) = Y'(-°°) = C(-.0) = 0 
Here Q
gl
, Q. and Qy are partial derivatives of the reaction rate integral 
Fs 
which may be numerically evaluated. 
Equations (VI-23) require a knowledge of the solid phase behavior through 
ag/anl s 	The linearized version of the solid phase equation of Equations 
(VI -13) is 
// 
g„ g77 g1-1 = Y gT1 (vi -24) 
In order to give sufficient freedom to the solid phase temperature profiles 
it is suggested from solutions to the homogeneous part of Equation (VI-24) 
to try 
m 7 






1)] + a(11) 
where m and m are constants to be determined. Inserting this assumed 
gl 	g2 
 
form into Equation (VI-24) and integrating over T1 from 0 to -co there results 







- 1)Go  + 
m 
2 g1 m 2 Goy "- ° 	
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 + 2 g
2 m
g: 	





g1 	go g1 
Multiplying Equation (VI-24) by 1l, substituting in the expression for g and 
integrating from 0 to - 03 there results a second differential equation for 
the unknowns G
1' G0 
 and Y / : 
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g2 	2 	gl // 	g 
g1 
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G 	- 1 - G 
1 
—— + G - g2 
0 // 	1.1/(, 
	1 







Note that at 11 = 0, g s = Go + s , so that Gs = Go and Go is not a new un- 
known. Calculating ag/anl
s - 
which is equal to ag/aT11
s - 
to the linear 








. Placing this result in 2 	i 
the interface energy balance relation of Equations (VI-23) there results 
from Equations (VI-23, 25 and 26) four differential equations and three 
algebraic relations for the eight unknowns 4 , C, G1 , Gs = Go , Y , G
i and 
the two parameters m and m . The underspecification of the problem 
gl 	g2 
comes from the two arbitrary parameters m and m rather than specification 
gl 	g2 
 
of one of them. This difficulty will be resolved shortly. Consider for 
the moment that m and m have been specified; then there would be seven 
gl 	g2 
 
equations for the six field variables. By elimination of variables there 
could be chosen two independent sets of differential equations. But the 
equations are homogeneous and would posses solutions, for example, like 
G1 = 	mx Ag
1
e
. However, the root(s) m would have to be the same for the two 
independent sets of equations. This provides the condition for one of the 
parameters, say m . With two unknown parameters allowable roots would 
gl 
be obtained for a variety of m = in (m). This arbitrariness has been 
gl 	gl g2 
purposely introduced because this is a highly approximate technique and 
physical reasoning may have to be involved to choose the correct parameters. 
In any event the procedure is the following: a) Gal. ' is eliminated 
from Equations (VI-25 and 26), b) Gl is solved for in this result and 
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placed into the interface energy conservation algebraic condition of 
Equations (VI-23), c) Y" is solved for from the interface energy condition 
and placed in the differential equations of Equations (VI-23), d) the 
other two algebraic conditions are used in the differential equations of 
Equations (VI-23) to eliminate Gs and C in favor of YF , and e) YF is 
eliminated in favor of 1  to yield a single fourth order, homogeneous dif-
ferential equation of the form 
//// 	// 
al G1 a2G1 
+ a 
 3G1= 
Now the a's are functions of the AP planar deflagration quantities and 













A second independent differential equation is formed as follows: a) Y // 
 is eliminated between Equations (vi-26 and 26), yielding a differential 
equation in Go 
and G
]] 
 b) the energy conservation condition at the inter- 
face and one of the differential equations developed in step d) above is 
used to generate another differential equation in G o and Gl , c) these 
differential equations are combined into a single fourth order differential 
equation of the form 
b
1 
 G"" + b
2 














emx, an equation like Equation (VI-27) is developed 
with the b's replacing the a's. Since the roots m must be the same for 
a physically realistic result m = m(m), if a solution exists. There 
gl 	gl g2 
is no guarantee, however, that a solution satisfying these conditions may 
be found. Note that the quantity under the inner square root sign must be 
positive for m to be real. Although m could be allowed to be complex (not 
pure imaginary because the solution would not decay to the pure AP solution), 
a non-unique solution would arise. That is, the conditions developed below 
for attachment to a binder would be underspecified. It is imperative, 
therefore, that m be real for a realistic solution to be developed. 
A numerical search for m and m
g2 
to satisfy the requirements yields 
gl 
the surprising but satisfying results that a) m is real and b) solutions 
exist for only a very narrow range of m and m as seen in Figure VI-2. 
gl 	g2 
 
If m = 1, this would correspond to choosing the thermal wave "depth" 
gl 
the same as in the unperturbed case. Note also that m
g 
= 1 corresponds 
l 
very nearly to the case when the allowable m becomes single-valued. Having 
g2 
 
confirmed an expectation that m = 1 is a reasonable choice, all further 
gl 
 
calculations assumed this value for m . 
g1 
The perturbation solution is valid for A positive or negative; 
gl 
however, the only physically realistic solutions occur for negative A
gl 
since the binder is a heat sink and will cool the gases of AP deflagration. 
In the perturbation solution (since the x and y origin is arbitrary) A 
gl 
is set equal to -0.01 at x = 0 and all other quantities may be computed 
from the linear differential equations, knowing m. The results for surface 
shape at two pressures are shown in Figure VI-3. Also shown are the tem-













Figure VI-2. Allowable Values of the Solid Phase 
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Figure VI-3. Surface, Flame Standoff, Surface NH 




and the flame height. It is seen that there is very little difference 
between the two cases when the results are in dimensionless form. The 
distance scales with which the variables y and x have been made dimensionless 
are 21 pm at 54.4 atm and 15.4 pm at 100 atm. Consequently, all surface 
profile changes are made in a somewhat shorter distance for the higher 
pressure case. It should also be noted that Y
F 
rises as the binder is 
s 
 
approached; because of the equilibrium condition at the solid-gas interface 
this implies the surface temperature is rising as the binder is approached. 
Therefore, the heat transfer vector component parallel to the interface is 
toward the AP from the binder. This interesting result implies the maximum 
solid phase temperature will exist in the binder. It is physically due to 
the fact that the hot gases from the AP deflagration process sweep past 
the binder. 
The foregoing is an "eigensolution" to the AP problem and is independent 
of the binder causing the perturbation from a planar regression. However, 
the location of the binder depends upon the properties of this eigensolution 
and the physical properties of the binder. A set of matching conditions 
to locate the binder on Figure VI-3 is now required. 
Location of the Binder. At any x position in the eigensolution to 
the AP problem the heat transfer vector in the gas and solid phases is 
known. Since this must be a continuous quantity and the temperature is a 
continuous quantity, but qs undergoes a discontinuity, there must be a 
surface slope discontinuity at the binder. In the interface energy con-
servation relation of Equations (VI•12) the solid and gas phase heat 
transfer vectors may be computed from the AP solution and this equation 
becomes a relation for the binder heat of gasification as a function of 
















- gs ) ( 1  B F 
c 
(VI-28) 
The pyrolysis condition of Equations (VI-12) gives an additional relation 
between the surface slope and the binder properties 
e /g 
1 	sB — = b,e 
zB 
(VI-29) 
At any x position, then, Equations (VI-28 and 29) together with the AP 
eigensolution define an allowable binder attachment and a functional 
equation 
b = b (c 	q • x) 
B 	B sB s 
•  
Y = Y 	q • x) B 	B s 1 B 	sB
' 
For the case of p = 54.4 atm these results are shown in Figures VI-4 and 5 
for two values of e s which correspond closely to HTPB and CIFB binders
(11) 
Also, knowing qs 
and bB for HTPB and CIPB
(al) the actual point at which 
these two binders would attach is shown on Figures VI-4 and 5. There are 
several points worthy of note. First, for these binders, the x position 
of compatability with the AP solution occurs where very little change 
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Figure VI-4. Binder Properties for Attachment to the AP Solution -
p = 54.4 atm, 
'33 
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Figure VI-5. Binder Properties for Attachment to the AP Solution -
p = 54.4 atm, e 	= 30. 
BB 
from a flat AP surface has taken place. Consequently, the linear AP 
eigensolution can be used with confidence as a good approximation to the 
solution of the nonlinear problem. Polyurethane, shown on Figure VI-4, 
would however attach in a region of reasonable surface slope and there 
is question concerning the adequacy of the solution. Fluorocarbon binder 
as used in Reference (11) would attach to the left of x = 0, or in a 
virtually flat region. The second point is that the values of y
B 
are 
extremely high for all binders so that the slope would appear nearly 
vertical. This is the primary information desired, in addition to the 
AP surface profile, so no attempt is made to continue the solution to 
find the binder profile. 
Shown on Figure VI-6 are the results for p = 100 atm for a surface 
activation energy e
s
= 30. Noting the HTPB point, there would be virtually B  
no visible distinction between the result at 100 atm and that at 5-k.1- atm. 
Discussion of Results  
A solution has been obtained for the shape of the deflagrating AP 
surface when it is adjacent to an inert binder. Except for selected 
binders there would be very little visible effect of the binder upon the 
surface shape and the result is virtually independent of pressure. The 
distance scale over which a visible transition would take place from 
planar AP to the binder is of the order of microns. The current theory 
assumes a dry binder; it is known, however, that binder melt flows exist 
for all binders tested heretofore in the sandwich configuration and that 
these melt flows run several hundred microns onto the AP surface. Conse-
quently, none of the predicted phenomena are capable of being observed. 



































Figure VI-6. Binder Properties for Attachment to the AP Solution -




The theory predicts, however, that if the melts do not occur there 
should be a sharp discontinuity in slope at the binder-oxidizer interface. 
This has recently been seen for catalyzed sandwiches (Section III) for 
which the melt extent is markedly reduced (for unknown reasons). Although 
the current theory is not directly applicable to catalyzed situations the 
interface conditions responsible for the slope discontinuity are applicable. 
It appears that melt flows dominate the development of the surface shape 
if melts occur. 
The current theory points to the fact that the surface temperature 
should increase as the binder is approached and the maximum solid phase 
temperature should occur in the binder. This might account for the 
appearance of "notches" in the binder, sometimes seen on quenched samples 
(e.g., see Figure III-30). The violence of the quenching process may eject 
the part of the binder above a surface of a prescribed strength level, which 
should be temperature sensitive. A rough sketch of isotherms near the 
interface should convince the reader that a weak binder may exist locally 
near the binder-AP interface. 
The current analysis shows a very weak dependence of surface shape 
upon pressure. This independence has been observed experimentally, but 
the comparison between theory and experiment cannot be made precisely 
because binder melts have occurred in all the experiments. 
The present theory contains no eigenvalue because the deflagration 
rate is determined by the AP deflagration process. If the binder were 
reactive, however, as occurs in catalyzed sandwiches, the burn rate must 
become an eigenvalue of the problem. It is not clear at this point how 
this will enter the solution to the problem. Current analysis centers 
about this problem and the incorporation of binder melts into the solution. 
108 
109 
SYMBOLS FOR SECTION VI 
pyrolysis law constant or vapor pressure constant 
dimensionless pyrolysis law constant or vapor pressure constant 
c s 
	 solid phase specific heat 
p 
	 specific heat at constant pressure for gas phase 
flame standoff distance 
C 
	
deviation of c from planar AP case 
E 	 activation energy 
g T/To 




1 	 solid phase temperature perturbation functions 
k 	 preexponential factor in reaction rate law 
dimensionless preexponential factor in reaction rate law 
m 	 constants in eigensolution 
g1 g2 
n coordinate normal to the solid-gas interface directed 
toward the gas phase 
p 	 pressure 
reaction integral defined by Equations (VI-17) 
q exothermic reaction heat 
R 	 universal gas constant 
Re 	 Reynolds number 
r,r 	 burn rate and regression rate normal to surface, respectively 
T 	 temperature 
✓ gas velocity in y direction 
w 	 production rate of NH
3 
110 
x,y 	 coordinates 
Y 	 perturbed y position of solid surface 
Y
k 	 mass fraction of species k 
y 	 deviation of mass fraction from planar AP case 
+ (dys /dx) 2 
thermal diffusivity, X/pc 
dimensionless activation energy, E/RT 
c /c 
s p 







P 	 density 
Subscripts 
B 	 binder 
f 	 flame temperature 
F NH3 
g 
	 gas phase 
0 
	 cold solid 
solid phase or surface 
1 	 quantity evaluated at flame standoff position 
SUbscript by independent variable denotes partial differentiation with 
respect to that variable 
Superscripts 
quantity evaluated for the one-dimensional AP deflagration 
ordinary derivative with respect to x 
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VII. CONCLUSIONS 
1. Depending upon the catalyst type there are different degrees of 
catalysis or inhibition upon the AP deflagration rate and the reactions 
between the oxidizer and binder. Generally the copper compounds in Cu0202 
have a greater catalytic effect upon the AP deflagration rate than do the 
iron compounds, which often inhibit the AP rate, but the iron compounds 
appear to have a stronger catalytic effect upon the binder-oxidizer reactions. 
2. A significant discovery of this program is the apparent removal or 
inhibition of the binder melt flow when catalysts are present. While the 
mechanism of removal is not certain, the melt removal alone may be an 
important "catalytic" mechanism in the augmentation of deflagration rate. 
3. In an uncatalyzed state the binder is effectively an inert sub-
stance which inhibits the AP deflagration rate by acting as a heat sink and 
a source of a melt flow; when the catalysts are present, however, the 
reactions between the binder and oxidizer become sufficiently fast that 
heat feedback from these reactions augment the deflagration rate. The most 
effective placement of the catalyst, to produce this effect, is in the 
oxidizer, suggesting that the catalytic reactions take place away from the 
binder surface, whether the actual catalytic reactions are heterogeneous 
or not, and that the catalytic reactions prefer high temperatures. 
4. In the pressure range 600-2000 psia there is very little change 
in catalytic mechanisms or overall sandwich deflagration behavior with a 
pressure variation. There is, of coarse, a general increase in rate of 
various rate processes with pressure and iron oxide changes from an inhibitor 
to an augmentor of the AP deflagration rate at about 1200 psia. 
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5. The surface structure of AP during deflagration changes markedly 
when catalysts are present, suggesting that alteration of condensed phase 
reactions may take place in the AP. Plectron microprobe studies with iron 
blue in AP were inconclusive but suggested that iron is removed from the 
catalyst in the vicinity of the condensed phase surface at a faster rate 
than other elements. 
6. At low pressures (<800 psia) iron blue and ferrocene appear to 
have a catalytic effect when placed into the binder, which is an effect 
not seen at higher pressures and with other catalysts. Consequently, the 
low pressure region should be explored in detail. 
7. While it is possible to draw certain conclusions concerning 
real propellant results from the sandwich experiments with catalysts, 
especially with regard to pressure and AP particle size effects, there is 
uncertainty concerning the relative importance of AP catalysis and binder-
oxidizer reaction catalysis in a real propellant. The results of this 
program are able to predict the near-equivalence of ferrocene and iron 
oxide in propellants, but there is uncertainty as to a comparison of the 
iron and copper compounds. 
8. Regardless of the catalyst it should be most effective in a real 
propellant if it is a) loaded into the oxidizer, b) operated at high 
pressure and c) present in a propellant with small AP particle size (high 
specific area of the AP). 
9. Analysis of the sandwich configuration for the case of no binder 
melt flows and negligible rate of the binder oxidizer kinetics has yielded 
an explanation for the following observed experimental facts: a) the 
sandwich shape for uncatalyzed cases should be pressure independent over the 
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range 20-100 atm; b) there should be very little distinction between the 
surface shapes for CTPb and HTPB binders, and c) in the case where melts 
are removed there should be a discontinuity in slope at the binder-oxidizer 
interface. Furthermore, the maximum condensed phase temperature should 
exist in the binder which may explain some interesting binder shapes, 
experimentally observed, caused by binder ejection during the quench process. 
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CATALYSTS LOCATED AT THE BINDER-OXIDIZER INTERFACE 
The samples for this phase of the investigation were prepared by 
adding a mixture of 2% AP and 2% catalyst (by weight) to the surface of a 
lightly pressed AP disk. This composite disk of catalyst and AP was then 
subjected to the normal disk and sample preparation procedure
(1)
. This 
narrow-band "interface" catalyst layer adhered well to both the binder and 
oxidizer. A series of 7 triple sandwiches, each containing two interface 
disks, is shown in Figures A-1 through 27. The results are summarized in 
Table A-1. The samples with CC, IB and F at the interface did not consistently 
exhibit continuous surface slopes at the binder-catalyst-oxidizer interface. 
Table A-1 
Summary of Results from Scanning Electron Microscopy of Catalyst 
Located at Binder-Oxidizer Interface 
Catalyst 
	
Pressure 	Figure No. 	Binder 	Binder-Catalyst-Oxidizer 
Asia A- 	 Melt Interface 
Pm 




none 	additional porous material 
at point of max regression, 
AP surface smooth. 
none 	uneven burn, porous 
material at interface, 
AP surface smooth for 
300 pm from interface. 
none uneven burn, small amount 
of material at interface, 
AP surface smooth for 100 
pm from interface. 
same as above. 
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Table A-1 (Continued) 
Catalyst 	Pressure 	Figure No. 	Binder 	Binder-Catalyst-Oxidizer 
psia A- 	 Melt Interface 
pm 




1000 	 5,7 	 75 	porous structure visible, 
continuous interface 
slope. 
1500 	8,11,12 	 20 	porous structure visible, 
continuous interface 
slope. 





600 	16,17 	 200 	continuous interface. 
1000 19,20,21 175 continuous interface, 
bubble. 
2000 	24,25,26 	 50 	porous structure at 
interface, uneven burn. 
IB 	 600 	 16,18 	 none 	porous material at 
interface. 
1000 	19,22,23 	none 	porous material at 
interface, uneven burn. 
2000 	24,27 	 30 	porous material at 
interface, uneven burn. 
In most cases this was due to the additional porous or frothy material extending 
above the leading edge of regression and separated from the solidified HTPB. 
Some samples exhibited pockets of localized combustion. These were usually 
noted when several attempts were made to obtain a quenched sample. The delay 
times for the depressurization were not consistent with the results from the 
cinephotomacrography. The non-uniformity of the burns was also not expected 
after viewing the high speed movies. 
Figure A-1. AP-CC on Int.-HIPB-AP-HTPB-I0 on Int.-AP 
600 psia (x23). 
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Figure A-2. AP-CC on Int.-HTPB 600 psia (x105). 
Figure A-3. AP-CC on Int.-HTPB 600 psia (x1050). 
Figure A-4. AP-HTPB- I0 on Int.-AP 600 psia (x225). 
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Figure A-5. AP-CC on Int.-HTPB-AP-HTPB-I0 on 
Int.-AP 1000 psia (x26). 
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Figure A-7. HTPB-I0 on Int.-AP 1000 psia (x250). 
Figure A-8. AP-I0 on Int.-HTPB-AP-HIPB-CC on 
Int.-AP 1500 psia (x20.4). 
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Figure A-9. HTPB-CC on Int.-AP 1500 psia (x90). 
Figure A-10. HTPB-CC on Int.-AP 1500 psia (x273). 
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Figure A-11. AP-I0 on Int.-HTPB 1500 psia (x280). 
Figure A-12. AP-I0 on Int.-HTPB 1500 psia (x228). 
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AP-CC  on int.-HTP -AP-14TPB 
ji  2000psi. 
1(.1000117-'1 	i t 
V 
Figure A-13. AP-CC on Int.-HTPB-I0 on Int.-AP 
2000 psia (x23.5). 
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Figure A-14. AP-CC on Int.-HTPB 2000 psia (x108). 
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Figure A-15. HTPB-I0 on Int.-AP 2000 psia (x260). 
Figure A- 16. AP-IB on Int.-HTPB-AP-HTPB-F on Int.-AP 
600 psia (x22). 
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Figure A-17. HTPB-F on Int.-AP 600 psia (x225). 
AP- 113on Int.- HTPB- AP7 HT PB- Fon Int.—A P 
MOO psi 
1-.1000H 
Figure A-18. AP-1B on Int.-HTPB 600 psia (x195). 
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Figure A-19. AP-IB on Int.-HTPB-AP-HTPB-F on 
Int.-AP 1000 psia (x23). 
H TP B F on Interface of AP 1000p 
Figure A-20. HTPB-F on Int.-AP 1000 psia (x240). 
Figure A-21. HTPB-F on Int.-AP 1000 psia (x1200). 
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AP IB on Interface 
1000psi. 
Figure A-22. AP-IB on Int.-HTPB 1000 psia (x208). 
Figure A-23. AP-IB on Int.-HTPB 1000 psia (x520). 
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Figure A-24. AP-F on Int.-HTPB-AP-HTPB-IB on 
Int.-AP 2000 psia (x20.4). 
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Figure A-25. AP-F on Int.-HTPB 2000 psia (x187). 
P - Fortinterface-TPI3 !.I 	 2000ps 
--a125}4 
Figure A-26. AP-F on Int.-HTPB 2000 psia (x450). 
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Figure A-27. HTPB-IB on Int.-AP 2000 psia (x484). 
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Abstract 
This report summarizes experiments and analysis concerned with sandwich 
and cast composite solid propellant combustion. The ingredients used in the 
experiments are ammonium pershlorate as the oxidizer, hydrm4Lterminated 
polybutadiene as the binder and four catalysts: Harshaw catalyst CU-0202, 
Fe203, ferrocene and iron blue. Cinephotomacrography and the fuze wire tech- 
1 nique are used for combustion visualization and burn rate determination. 
Scanning electron microscopy is used for quenched sample visualization. 
Areas investigated are a) analytical and experimental determination of 
synergistic catalytic effects in sandwich and propellant combustion, b) the 
loading of ferrocene into the binder at the molecular level and its effect 
on sandwich combustion, c) differential scanning calorimetry of catalyst 
laden binder and d) analysis of sandwich deflagration. 
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I. Introduction 
This report summarizes efforts of the second year on contract ONR No. 
N0014-67-0159-0016. Prior results were concerned with the sandwich config-
uration and the individual effects of the catalysts Harshaw catalyst CUO202, 
Fe203, ferrocene and iron blue. This year's effort consisted of both sand-
wich and cast propellant investigations to determine a) possible synergistic 
catalytic effects whereby for the same total loading of catalyst the effect 
of two catalysts would be greater than either one alone and b) the behavior 
of a unique type of ferrocene loading at the molecular level into R-45 
prepolymer. Differential scanning calorimeter studies were also performed 
on catalyst laden hydroxyl terminated polybutadriene (HTPB) binder. Analysis 
was conducted to explain synergistic catalytic effects and to improve on a 
previous model of sandwich deflagration. 
The reason for investigating synergistic effects is that they were ac-
cidentally discovered on the prior year's program. Incorporation of this 
effect would allow the propellant chemist more flexibility in propellant 
formulation. The investigation of loading of ferrocene at the molecular 
level was motivated by prior conclusions that physical loading of catalyst 
into the binder is a poor way to obtain catalysis. The differential scan-
ning calorimeter work was motivated by prior results that catalysts did 
not appear to change the pyrolysis mechanism of the binder; a confirmation 
was desired in other than a deflagration situation. The analysis was re-
quired as an aid in reasoning the significance of the experimental results 
and to see to what degree a sandwich analysis may be used for a cast com-
posite propellant deflagration analysis. 
2 
II. Determination of Possible Synergistic Effects 
a. Two-Dimensional Composite Solid Propellants  
Two-dimensional composite solid propellant sandwiches were used to in-
vestigate the optimum location and the extent of the catalytic action of 
four possible burn rate modifiers.
(1) 
Both the location and the compounds 
were varied independently. During that investigation it was determined 
that if one catalyst was added to the oxidizer prior to compaction of the 
disk and another effective catalyst was added to the binder, there was a 
net increase of the burn rate over that of the sum of the independent 
actions of the catalysts. This combined effect is denoted as a synergistic 
effect on the burn rate. The current study has systematically investigated 
this positive synergism for all combinations of the same four compounds. 
The two-dimensional composite solid propellant sandwiches were pre-
pared by the method outlined in Reference 2 from disks of polycrystalline 
oxidizer and layers of binder. The disks were pressed from crystalline am-
monium perchlorate (AP) in a mold at 30,000 psi. The disks were assembled 
into multi-layered sandwiches by binding them together with layers of hy-
droxyl terminated polybutadiene (HTPB). The thickness of the binder layer 
was maintained at 150 pm during the curing process by using Teflon spacers 
and spring loaded sample clamps. 
The four compounds investigated were Harshaw catalyst Cu0202, (CC), 
ferric oxide, (I0),iron blue, (IB),and ferrocene, (F). Harshaw catalyst 
Cu0202 is a commercially avaliable catalyst. It is a mixture of approxi-
mately 82% cupric oxide, CuO, and 17% chromic oxide, Cr 203 . It is used 
in accelerating both oxidation and reduction processes. It is commonly 
referred to as copper chromite. Ferric oxide, Fe 203 , exhibits, as do most 
3 
transition element compounds, a high degree of catalytic activity. It is 
used primarily for oxidation processes. Iron blue is commerically used as 
a pigment. It is a complex ammonium iron hexacyanoferrate with the chemical 
formula, Fe(NH4)Fe(CN)6 . It has a cubic crystalline structure. The iron 
is present as both ferric and ferrous ions in the lattice. Ferrocene is an 





) 2Fe. It is a yellow crystalline solid with relatively high thermal 
stability for an organometallic compound. 
The samples were prepared with constant volumetric loading of the 
compounds based on an addition of 2w% to the oxidizer. This amount of 
catalyst was added to the AP prior to grinding and pressing and 4.37w% of 
catalyst was added to the HTPB. 
The cured oxidizer-fuel sandwiches were cut into 8 mm by 4 mm samples. 
These prepared samples were mounted in the pressurized combustion appara-
tus of Jones. (3) Motion pictures of the burning sample were obtained at 
a rate of 1600 frames per second at a latentimage magnification of 1:1 and 
2:1. These motion pictures were used to obtain an accurate value of the 
sample burning rate. The sandwich vertical burn rate and the burn rate 
normal to the oxidizer surface, as defined in Reference (1), were obtained 
for all combinations of the four catalysts along with suitable base line 
cases at the same volumetric loading in the binder and oxidizer at a com-
bustion pressure of 600 psia. 
The tabulated results for the determination of possible synergistic 
effects are shown in Table 1. The base line comparison cases for a single 
catalyst present were for 2w% of catalyst added to the AP and 4.37w% of 
catalyst added to the HTPB. This gave a uniform volumetric loading of 
TABLE I. BURN RATES FOR DETERMINATION OF SYNERGISTIC 
EFFECTS FOR SANDWICHES AT 600 PSIA. 
CATALYST r r Cos 6 
NONE .22 in/sec .21 in/sec 
HARSHAWCATALST Cu0202 (CC) .51 .33 
FERRIC OXIDE 	(10) .33 .23 
IRON BLUE 	(IB) .37 .20 
FERROCENE (F) .30 .15 
CC & 10 .54 .36 
CC & IB .50 .47 
CC a F .43 .29 
10 & 	IB .51 .25 
10 a F .44 .36 
1B a F .40 .31 
catalyst across the binder-oxidizer interface of the two-dimensional 
sandwiches. The total weight of the catalyst was maintained constant for 
the combinations of catalysts. One weight percent of one catalyst along 
with 1 0 f another catalyst was added to the AP and 2.2w% of each catalyst 
was added to the HTPB. The results obtained for the base line cases of 
single catalysts added to the sandwiches are in agreement with previous 
data.
(1) 
It must be noted that the comparison cannot be exact since in 
the previous investigation (1) the catalyst loading was discontinuous across 
the binder-oxidizer interface, but in previous experiments catalyst in the 
binder was shown to be ineffective. 
Ferric oxide, iron blue and ferrocene, when used alone, were burn rate 
inhibitors for AP at 600 psia. (1) The burn rate normal to the oxidizer 
surface was less than that of the uncatalyzed AP. This is also true in 
Table 1. When these proven inhibitors of the AP deflagration process were 
used in combinations with the same total mass of catalyst present, the burn 
rate normal to the oxidizer surface was increased over that of the un-
catalyzed AP. This was noted for the TO-IB, I0-F and IB-F systems.Harshaw 
catalyst Cu0202 increased the AP deflagration rate when used alone at 600 
psia. All combinations of Harshaw catalyst Cu0202 with the other three 
compounds exhibited a synergistic effect on the AP deflagration rate even 
though three of them acted as inhibitors when used alone. 
The maximum sandwich burn rate (.54 inches/sec) has been obtained with 
the combination of Harshaw catalyst Cu0202 and ferric oxide. The largest 
synergistic effect (burn rate change as compared with either single cata-
lyst alone) has been seen for a ferric oxide and iron blue mixture with a 
burn rate of .51 inches/sec. All combinations of catalysts did give some 
5 
6 
degree of positive synergism of the sandwich vertical burn rate. For the 
combinations with Harshaw catalyst Cu0202 only ferric oxide was able to 
clearly increase the burn rate above that of Harshaw catalyst Cu0202 alone. 
All combinations of ferrocene in this configuration yielded relatively low-
er sandwich vertical burn rates. 
Considering these results, the most promising two combinations of 
catalysts, Harshaw catalyst Cu0202 - ferric oxide and iron blue - ferric 
oxide were chosen for testing over the pressure range of 300 to 2000 psia. 
The results for the Harshaw catalyst Cu0202-ferric oxide system tests 
are shown in Figure 1. The maximum effect is at 1500 psia. Both catalysts 
were equally effective in catalyzing the burn rate when used alone. When 
half of one catalyst was replaced by the same amount of the second catalyst 
the burn rate doubled. The sandwich vertical burn rate and the burn rate 
normal to the oxidizer surface both exhibited positive synergism over the 
entire pressure range. 
For the iron blue - ferric oxide samples the results were not as clear. 
They are shown in Figure 2. The maximum positive effect occurs at 600 psia . 
It is not conclusive at 1000 and 1500 psia that a positive synergistic ef-
fect has been obtained, since the combined catalysts produce a burn rate 
that lies between the burn rates obtained for a single catalyst present. 
A negative effect has not been produced, i.e. the burn rates have not been 
inhibited. Within the experimental accuracy of the test the burn rate nor-
mal to the oxidizer surface for the combined catalysts loading has followed 
the burn rate for ferric oxide. 
As in previous tests the separation between the dashed and solid curves 
is representative of the amount of catalytic activity taking place in the 
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FIGURE I. BURN RATE RATIO FOR HARSHAW CATALYST Cu 0202 AND FERRIC OXIDE . 
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FIGURE 2. BURN RATE RATIO FOR IRON BLUE AND FERRIC OXIDE. 
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binder-oxidizer reactions. The tests that showed large positive syner-
gistic effects, Harshaw catalyst Cu0202 and ferric oxide at 1500 and 2000 
psia, and iron blue and ferric oxide at 600 and 2000 psia, also showed sub-
stantial increases in this separation of the two burn rates. 
b. Cast Composite Propellants  
Maintaining the same volumetric loading of catalysts as for the two-
dimensional sandwiches, three-dimensional cast composite solid propellant 
strands were prepared to see if this synergistic effect would be carried 
over to the real cast propellant. These strands were prepared from a com-
mon lot of uncured composite propellant with an 83%/17% solids to binder 
loading. The oxidizer was chosen to have a bimodal ammonium perchlorate 
particle distribution of 30% 40 pm and 70%, 180 pm. The binder was hydroxyl 
terminated polybutadiene. Burning rate data are available for this un-
catalyzed propellant. () It was similar to propellant #78 in the Princeton 
University test series. The catalyst was added to the uncured propellant 
at a weight percent of 2.41. This would give the same equivalent volumetric 
loading as in the sandwiches. 
The strands were cast in teflon molds and all samples were cured for 
the same length of time. The strand size was .25 inch by .25 inch by 1.7 
inches long. The burn rates were obtained by a fuse wire technique (4) 
using seven, z ampere 	.010 inch diameter), wires inserted in predrilled 
holes which were spaced .2 inches apart. Each fuse wire was connected in 
series to a 10 KO resistor. These seven resistors were connected in par-
allel with a 57 KO resistor across an 18 volt battery power supply. As 
each fuse wire burns through the equivalent resistence increases and the 
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voltage is recorded on an oscillograph. 
The strand with fuse wires is shown in Figure 3. It is mounted on 
the bas of the combustion bomb. A sufficient nitrogen flow is passed 
over the sample to prevent recirculation of the hot gases that can cause 
premature melting of the fuse wires. This nitrogen flow has varied 
from .7 to 1.4 ft/sec. The most stable results were obtained at the 
higher flow rates. Sample oscillograph traces are shown in Figure 4 for 
an uncatalyzed strand and one with ferric oxide added to the strand. 
The burn rates for the addition of the two most promising combi-
nations of catalysts as determined from the two-dimensional composite 
solid propellant test are tabulated in Table 2. These strands of pro-
pellant were burned at 600 psia. For the combination of ferric oxide 
and iron blue, the burn rate is between the burn rates of the samples 
with only one catalyst present. The ferric oxide - Harshaw catalyst 
Cu0202 system showed a reduction of burn rate below that of either of 
the two catalysts used alone. 
The burn rates do not compare favorably with the results obtained 
in Table 1 for the two-dimensional sandwiches. The burn rate for the 
uncatalyzed strands agree with the Princeton data. The structural strength 
and elasticity of the samples containing both Harshaw catalyst Cu0202 
and iron blue were considerably different from the ferric oxide and pure 
samples. The ferric oxide and pure samples were softer and more easily 
removed from the mold while the samples containing iron blue and Harshaw-
catalyst Cu0202 were brittle and exhibited several tests with very rapid 
burning. These tests were not considered in the preparation of Table 2. 
FIGURE 3. A STRAND WITH SEVEN FUSE WIRES MOUNTED ON THE COMBUSTION 
BOMB BASE. 
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FIGURE 4. OSCILLOGRAPH RECORDS FOR TWO STRANDS. 
TABLE II. BURN RATES FOR CAST COMPOSITE PROPELLANT STRANDS. 
CATALYST r 
NONE .28 in /sec 
HARSHAW CATALYST Cu 0202 (CC) .50 
FERRIC OXIDE (10) .44 
IRON BLUE 	(18) .36 
CC 8 10 .41 
10 & 1B .43 
These cast propellant samples were initially prepared to contain on 
average the same volumetric loading of catalyst as the sandwiches. But 
for the cast propellants all of the catalyst is suspended in the binder 
matrix, which constitutes 17w% of the sample. Since 2.4114% of catalyst 
was added to the cast propellant samples, the binder matrix contains 
14.2w% of the catalyst. The binder matrix for the sandwiches contained 
4.4% of catalyst. This increase of catalyst in the binder effected the 
cure and the strength of the binder. This high catalyst loading in the 
binder may be above the amount required for maximum burn rate augmen-
tation. It was determined earlier (1) that the addition of the catalyst 
directly into the polycrystalline structure was more effective than addi-
tion to the binder. If the catalyst could be distributed in the oxi-
dizer crystalline structure to give the same volumetric loading as in 
the sandwiches a more realistic comparison could be made. This would 
require a development of a new ammonium perchlorate production technique. 
It may be possible to establish the existence of a synergistic effect 
in cast propellants if the total catalytic loading in the binder is re-
duced to a more comparable level with the two-dimensional sandwiches. 
This approach will be followed in future efforts. 
III. Indian Head Ferrocene 
. It had been a prior conclusion(1) (2) ' 	that crystalline catalysts 
physically loaded into the binder were ineffective in augmenting sand-
wich deflagration rates. The apparent reason is that with the catalyst 
in the binder the diffusion of crystalline matter, once it is released 
into the gas phase, toward the hot AP is too slow to augment the binder-oxidizer 
15 
reactions fast enough to increase heat, feedback to the sandwich surface. 
Furthermore, the dispersion of catalytic material must be greater for a 
substance dispersed at the molecular level rather than at a macroscopic 
crystalline level. Following this hypothesis, it would be desirable to in-
troduce the catalyst in molecular rather than crystalline form, once the 
binder had pyrolysed to the gas phase. The diffusion of gas phase molecules 
should be faster than crystalline particles. 
It was learned that the Naval Ordnance Station at Indian Head, 
Maryland was working in the area of chemically loading ferrocene into R-45 
polymer. (5) Indian Head supplied some of the polymer with 5% Fe by weight 
in the polymer. Due to an advanced state of cure of the received material 
work with this substance was limited, but one sandwich was prepared with 
this material. 
Figure 5 shows scanning electron microscope pictures of quenched sam-
ples burned at 1000 Asia. One sample shown is from prior work with the 
crystalline ferrocene in the binder alone and the other sample is with the 
Indian Head ferrocene. The striking effect of the chemically loaded ferro-
cene is the depression of the AP in the vicinity of the oxidizer-binder 
interface. This is interpreted, as shown by many past results, as increased 
chemical rates between the binder and oxidizer for the Indian Head binder as 
compared with the binder with crystalline catalyst. Because the AP is not 
flat (horizontal) the vertical burn rate of the sandwich had to be greater 
with the Indian Head binder. This result is considered to confirm the 
hypothesis of molecular diffusion and greater dispersion as explained above. 
a) Ferrocene Mixed in HIPB x 27 
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b) Ferrocene Mixed in HTPB x 140 
FIGURE 5. ELECTRON MICROGRAPHS OF SAMPLES WITH FERROCENE IN THE BINDER. 
c) Ferrocene in R45 M Component of HIPB x 25 
d) Ferrocene in R45 M Component of HIPB x 560 
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FIGURE 5. ELECTRON MICROGRAPHS OF SAMPLES WITH FERROCENE IN THE BINDEE. 
IV. Differential Scanning Calorimetry 
Since prior sandwich results led to the conclusion that catalytic 
effectiveness is poor when the catalyst is loaded into the binder, and 
there has been no evidence that catalysts increase the binder pyrolysis 
rate, it was desired to check these conclusions by differential scanning 
colorimetry applied to catalyst-laden binder. The apparatus used was a 
Perkin-Elmer Differential Scanning Calorimeter, Model DSB-1B, and the 
procedures used were identical to those of Ref. 6. The binder used was 
HTPB and two catalysts, iron blue and ferrocene, were investigated. The 
nominal weight of each sample was 5 mg. and the amount of catalyst load-
ing was consistent with that used in the sandwich deflagration tests, 
4.4w% 
The DSC unit measures the difference in power required to heat two 
samples, one inert and one containing the decomposing sample, through 
a programmed temperature rise. Sample graphs, shown on Figure 6 are two 
HTPB runs at a scan rate of 5 K/min. This figure shows the reproduc-
ibility attaiFble between runs. The heat of gasification is 
• r 	• 
q = J Q dt = Q (l/dT/dt) dt where Tf is the temperature at which gasi- 
0 
fication for pure HTPB are shown in Table 3. In Table 3 there is a high 
degree of data scatter but an unmistakeable trend of heat of gasifi-
cation with scan rate dependent. A plot of q v.s. 1/scan rate is given 
in Figure 7. A line through the most consistent set of data (HTPB-IB) 
shows an extrapolation to infinite scan rate of q = 265 cal/g. This 
should be compared with 433 cal/g obtained in Ref. 7, which was obtained 
at heating rates comparable to those found during propellant deflagration, 
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which are orders of magnitude higher than may be found with the DSC unit. 
The primary conclusion, however, is that within the data scatter there ap-
pears no definite effect of IB or F on the heat of decomposition of HTPB. 
Figures 8 and 9 show the actual traces for pure HTPB and HTPB-IB at 
scan rates of 10 K/min. The catalyst has very little effect upon the tem- 
perature at the onset of decomposition activity. There does appear, however, 
to be a minor effect of IB in smoothing out the roughness near the peak of 
the decomposition activity. Nevertheless, the overall temperature width 
of activity and the heat of gasification is affected in only a minor way. 
The same conclusion may be derived from the HTPB-F run. 
V. Analytical Efforts 
Two major analytical efforts have been conducted during the current 
year. One task concerned an explanation of synergistic effects and the 
other concerned an extension of a previous sandwich deflagration analysis. (8) 
During the course of extension of the sandwich analysis, two major items 
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FIGURE 8. DIFFERENTIAL HEAT INPUT AS A FUNCTION OF 
TEMPERATURE. 
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FIGURE 9. DIFFERENTIAL HEAT INPUT AS A FUNCTION OF TEMPERATURE. 
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in error and b) an improved solution could be found for the solid phase 
heat transfer problem. As a consequence it was found that the sandwich 
burn rate, which could not be found with the old procedure, appears as an 
eigenvalve to the problem. The restricted problem of an inert, dry binder 
adjacent to deflagration AP was therefore solved by the new procedure. The 
details are located in the Appendix. 
Synergistic effects were first treated by insertion of two catalytic 
reactions in the chemical kinetics scheme of Ref. 9 for deflagrating AP. 
It is believed that the details should not be presented here because it 
may be construed that these catalytic reactions are being proposed as actual 
catalytic mechanisms; whereas, they were only introduced as a plausibility 
argument for synergistic effect. The plausibility argument which is pre-
sented here encompasses all of the results that were obtained from the AP 
deflagration model without confusing the issue with AP details. 
To explain the results of the AP catalysis model on a simple basis the 
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where the f's and g's as functions of the catalyst mass fraction, y e , are 
shown in Figure 10. Equations (1) and (2) merely represent two functional 
assumptions which yield expected behavior with respect to each catalyst. 
There is a general rise in rate with catalyst loading to a maximum, and a 
fall off in rate to zero must occur as the catalyst, which is in inert, 
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FIGURE 10. SAMPLE CATALYTIC RATE FUNCTIONS. 
the square root of the reaction rate,
(10) 
 Eqs. (1) and (2) yield the two 
options for the burn rate: 
1 
rb KRb ra= tea, 
where K is some constant,As long as the shape of the rate curves in Figures 
10a and 10b is as shown, the following conclusions are valid: 
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In this case the addition of a second catalyst will always augment the rate 
above what may be accomplished with a single catalyst. Moreover, for a 
fixed total mass of catalyst, 
Y + Y = c, 
Cl 	c2 
and for equally effective catalysts so that 
fi = f2 or g1 =g2 
r(Y
cl
, c - Y
cl
) > r(c, 0) or r(0, c) , 




max max . 
Therefore, with the appropriate restrictions, this simple demonstration 
shows that the presence of one catalyst augments the effect of the presence 




this is only a plausibility argument and no claim is being made that this 
is the actual mechanism or that Eqs. (1) and (2) are generally valid. 
VI. Conclusions 
1. All possible combinations of the four catalysts investigated ex-
hibited a positive synergistic effect on the sandwich vertical burn rate 
when tested at 600 psia and a constant volumetric loading based on a total 
of 2w% addition of catalyst to the oxidizer. 
2. The maximum sandwich burn rate at 600 psia was obtained for the 
combination of Harshaw catalyst Cu0202 and ferric oxide. When these samples 
were investigated over the pressure range of 300 to 2000 psia, the maximum 
synergistic effect occurs at 1500 psia. There was a positive synergistic 
effect over the entire pressure range. 
3. The maximum synergistic effect with the two-dimensional sandwiches 
at 600 psia was obtained for the iron blue and ferric oxide combination. 
This combination was not as effective as the Harshaw catalyst Cu0202 and 
ferric oxide over the entire pressure range. 
4. The cast composite propellant strands did not exhibit a positive 
synergistic effect when tested at 600 psia. 
5. It is suspected that the heavy catalyst loading is responsible 
for the absence of synergistic effects in the cast propellants. A lower 
overall loading should be investigated. 
6. From testing of ferrocene loaded into R-45 polymer at the molecular 
level it is concluded that molecular loading of a catalyst into a propel-
lant is superior to physical loading of a crystalline material, as sus-
pected from previous sandwich testing. 
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7. Differential scanning calorimetry of iron blue and ferrocene-loaded 
HTPB confirms earlier conclusions that these catalysts do not modify the 
pyrolysis mechanism of the binder to an appreciable extent, 
8. For dry inert sandwiches analysis indicates that in the pressure 
range of 20 to 100 atm the sandwich should burn with a nearly flat surface 
and very close to the AP deflagration rate, as has always been observed for 
uncatalysed sandwiches with even wet binders. 
9. A sharp slope discontinuity is predicted at the binder-oxidizer 
interface for dry binders, as has been seen experimentally for catalysed 
sandwiches. 
10. For typical particle sizes of the order of 20 pm and larger the 
sandwich analysis can form the basis for a composite propellant deflagration 
theory, if the binder is dry. 
29 
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Solid Propellant Sandwich Deflagration Analysis 
SOMD PROPELLANT SANDWICH Dr_I, LAGRATION 
ANALYSIS 
Warren C. Strahle 
Georgia Institute of Technology, Atlanta, Ga. 
ABSTRACT 
A theoretical solution has been obtained for the shape of a deflagrating 
ammonium perchlorate surface when it is adjacent to an inert, pyrolysing, dry 
binder. The eigenvalue, the regression rate, is shown to be independent of 
binder type and very close to the burn rate of pure AP, as has been experi-
mentally observed. A slope discontinuity of the surface should exist at the 
binder-oxidizer interface and typical binders should incline very near to 90 0 
 to the nearly horizontal AP surface, at the junction of the two. The transi-
tion from AP to binder should take place on a distance scale of the order of 
microns and all results are quite insensitive to pressure level. 
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NOMENCLATURE 
a 	 g + 2qRYF 
pyrolysis law constant of vapor pressure constant 
b 	 dimensionless pyrolysis law constant or vapor pressure constant 
cs 	 solid phase specific heat 
cp 	 specific heat at constant pressure for gas phase 
c 	 flame standoff distance 
C. 	 deviation of c from planar AP case 
E activation energy 
g T/T 0 
G deviation of temperature from planar AP case 
Go ,G1 	solid phase temperature perturbation constants 
k 	 preexponential factor in reaction rate law 
dimensionless preexponential factor in reaction rate law 
m,mg 	 constants in eigensolution 
n coordinate normal to the solid-gas interface directed toward 
the gas phase 
p 	 pressure 
Q reaction integral defined by Equations (18) 
q exothermic reaction heat in gas phase, endothermic in solid phase 
R 	 universal gas constant 
Re 	 Reynolds number 
r,r 	 burn rate and regression rate normal to surface, respectively 
T 	 temperature 
✓ gas velocity in y direction 
w
F 
	 production rate of NH3 
x,y 	 coordinates 
Y 	 perturbed y position of solid surface 
Yk 	 mass fraction of species k 
deviation of mass fraction from planar AP case 
1 + (dys/dx) 2 
thermal diffusivity, X/pc 
inclination angle of binder 
dimensionless activation energy, E/RT 
c /c s p 
thermal conductivity 










f 	 flame temperature 
F 
NH3 
g 	 gas phase 
o 	 cold solid 
s 	 solid phase or surface 
1 	 quantity evaluated at flame standoff position 
Superscripts 








ordinary derivative with respect to x 
dimensional quantity 




A substantial number of experimental investigations of composite solid 
propellant ingredient behavior have dealt with the sandwich configuration 
(1-8). By a sandwich is meant a slab of oxidizer, usually ammonium perchlo-
rate (AP) in the cited investigations, adjacent to a slab of polymeric fuel. 
This two-dimensional configuration is an important experimental configuration 
for the study of phenomena taking place near the binder-oxidizer interface 
during a deflagration process. By removing the difficulties of viewing the 
interface details in a real three-dimensional composite solid propellant, 
much information has been gathered concerning the behavior and existence of 
binder melts, catalytic additives, the relative importance of AP-binder reac-
tions in driving the deflagration rate, fluid mechanical instabilities during 
deflagration, and the behavior of aluminum when placed into the sandwich. 
In contrast to the many experimental studies there have appeared no 
analyses of the sandwich deflagration process with AP oxidizer which had . as .a 
goal the prediction of the actual shape of the gas-condensed phase interface 
Bakhman and Librovich (9) theoretically investigated a semi-infinite slab of 
oxidizer adjacent to a semi-infinite slab of fuel, but the oxidizer was not 
assumed to be capable of self-deflagration. Nachbar
(10) 
 investigated a peri-
odic, two-dimensional array of oxidizer and fuel slabs as a model of an act-
ual propellant. The goal was to predict a mean deflagration rate without pre-
dicting an actual achieved two-dimensional surface shape. Again, the oxidizer 
was assumed incapable of self-deflagration. 
The need for an analytical model capable of prediction of the surface 
shape for an AP oxidized sandwich becomes apparent when trying to reason the 
behavior which is experimentally observed. Even in this two-dimensional con-
figuration the problem is highly complex due to a) the appearance of binder 
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melts, b) three phase heat transfer and one phase (perhaps two phase) mass 
transfer, c) two-dimensional heat and mass transfer, d) non-linearities in 
the governing equations due to at least chemical reaction and an unknown sur-
face shape, e) multiple chemical reactions and condensed phase reactions, 
f) a mathematically elliptic problem in an infinite region and g) the appear-
ance of an eigenvalue - the deflagration rate. Under these difficulties an 
attempt to reason on a qualitative basis, given experimental information, is 
hampered by the lack of some computational framework and predictive capa-
bility. 
A previous initial step toward providing a theory of the sandwich de-
flagration process
(13) 
failed to yield the burn rate as an eigenvalue of the 
problem. Furthermore, an analytical error has been discovered in that treat-
ment and the results are consequently in error. The current treatment cor-
rects the error and recovers the burn rate as an eigenvalue of the problem 
by a more complex solution of the problem. 
From a practical standpoint there are two major reasons for treating 
this problem. The first is to obtain an idea of the distance scales in-
volved in the problem. That is, how far do the influence of the binder and 
oxidizer penetrate into each other? If these distance scales are small 
enough, this interface theory may be used in theory of an actual propellant. 
Secondly, the actual burn rate is desired. Is the influence of the binder 




Model Construction and Assumptions  
Given the complicated nature of the problem, a model is first sought 
which uses available experimental information liberally but which still does 
not overly restrict the model in interpretation of experimental results. 
Accordingly, the initital model uses the following observations: 
a) Far from the binder-oxidizer interface the AP regresses as pure AP. 
Furthermore, for binder thicknesses of the order used in some of the ex-
perimental studies 6 150 pm) there is little effect of one side of a sand-
wich upon the other side even when dissimilar materials are used. There-
fore, the initial model development is concerned with a semi-infinite slab 
of AP against a semi-infinite slab of binder. 
b) A steady state is achieved experimentally with AP oxidizer. Conse-
quencly, time dependence is assumed absent. 
c) For uncatalyzed sandwiches the experimental results show very little 
effect of the binder-oxidizer reactions upon the surface profile. That is, 
the heat feedback from the binder-oxidizer reactions does not drive the over-
all deflagration rate; the AP self-deflagration is responsible for the over-
all deflagration rate at pressures removed from the low pressure deflagra-
tion limit and below 2000 psia. The initial model is therefore constructed 
assuming binder-oxidizer reactions to have negligible rate. This does not 
mean that a diffusion flame between -the binder and oxidizer is absent, but 
it means this flame is not close enough to the interface to play a role in 
the deflagration behavior. Furthermore, the effect of catalysis is not treat-
ed. 
The initial model therefore asks the question of the surface shape 
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attained by a semi-infinite slab of AP which pyrolyzes a semi-infinite slab 
of binder. Posed in this manner it is immediately recognized that the prob-
lem has neither a unique solution nor a steady solution because a) the final 
shape would depend upon the geometry of ignition and b) it would take an in-
finite time to establish a steady profile in a semi-infinite slab of inert 
binder. The ignition problem is seen by imagining two cases - one in which 
ignition is achieved by a line heat source (say an ignition wire) and a sec-
ond in which ignition is achieved uniformly over the entire AP surface. In 
the first case the AP would take on the shape of ever-increasing circular 
radii from the ignition point. In the second case the AP would deflagrate 
in a planar fashion except in the vicinity of the binder. However, these 
comments neglect the fact that the inert nature of the binder may affect the 
shape attained by the AP, even far away from the binder. Surely, at long 
enough time the profile in the interface vicinity will have become shape-
invariant, but it is not obvious that the AP will be horizontal (assuming 
top-to-bottom deflagration). In fact, this is to be determined by the solu- 
tion. Concerning the binder, it appears clear that after a sufficiently long 
time the processes in the interface vicinity will not depend upon processes 
taking place at a large vertical distance from the interface. Consequently, 
local steadiness may be presumed, as, in fact, experimentally occurs. 
For this initial model the absence of binder melts will be assumed. The 
limits of validity will then be determined by comparison of the model and 
experimental results. For the AP deflagration process the Guirao-Willinms  
model(11) is accepted with an equilibrium assumption for the gas-solid (or 
viscous liquid) AP interface. Some minor modifications are introduced into 
this model for computational convenience; these will be described below. Use 
of this model will restrict the sandwich theory validity to the pressure 
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range 20-100 atm, because there is no AP theory capable of an explanation of 
observed phenomena above 100 atm and the low pressure deflagration limit of 
AP occurs near 20 atm. 
Other usual assumptions are made to simplify the analysis which, while 
they lead to numerical error of order unity, do not alter significantly the 
scaling rules developed with respect to other variables. These assumptions 
are: a) the thermal and transport processes of the solid AP and binder are 
identical, b) the thermal and transport properties of all gas phase species 
are identical, c) the Lewis number is everywhere unity in the gas phase, 
d) the deflagration process takes place at constant pressure, e) heat con-
duction and mass transfer take place by temperature and concentration gra-
dients, only, respectively,' and the transport coefficients are independent 
of temperature in both the solid and gas phases. A final major assumption 
is that on any vertical line parallel to the binder-oxidizer interface the 
pv product (density times velocity) is that as determined in the solid phase 
and all lateral velocities are zero (strictly true in the solid phase). This 
is in the spirit of the Burke-Schumann approximation as expounded in Refer-
ence (2). This does yield error in convection effects upon heat transfer, 
but exact treatment of the problem appears too complex at the present time. 
The configuration is shown in Figure 1, in which the coordinate system 
is rendered stationary by a translation of the interface in the y direction 
at the rate r. Under the stated assumptions the equations for solution and 
the boundary conditions are: 
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* 
* a2YF 242YF 	ay
F 	* 
Xg ax *2 + *2 P*v* 




* 6 YB a2YB 
 2 
* ax 
* * ayB 







 R T 
* 	
(3) 
Gas Phase Heat Transfer 
* (a
2T* 62T*) 	* * 	* * x
g 	
+ 	_ p v c* aT --T + 2qRwF 
	
ax 2 ay ay 
Solid Phase Heat Transfer 
(a2 T* a2  T*,) * * * aT* x 	+ 	= p v c 	* 
g ax 	
s 
 by 3y 
Boundary Conditions 
Y (x,c0) = 0 
	
YF( -°°,0 = 
T* (x,-0.) = To 
	
T*( -',Y) = 't* (Y) 
	
(6) 
T* (=.,y) = To 	 T*(x,c0) = To 
*, * * 
-E
sB
/R Ts * .* 
r 	= r •.11 I = b*e 11/2. B 	B 
* * * 	* aT 
X
* aT 
g an* I s+ = Psrnqs Xg ;;7 1 s- 
p *D  * ay F 	-p *r vff  */1 	Y --77 - 
s n F 
) 
s an 1s+, AP =  
ay 
* 	B 	 * * 
P Dan  I 	














continuous, vT continuous within a phase 	 (12) 
The products of AP gasification are assumed NH
3 
and HC104 which are assumed 
identical molecules for mass transfer computation. k is a rate coef-
ficient for the assumed second order reaction; as written in Equation (3) 
k is not a fundamental preexponential constant but already has molecular 
constants and a factor p
*2 
absorbed into it. The factor 2 in front of 
• * 
qRwF in Equation (4) occurs because qR 
will be quoted per unit mass of AP 
rather than per unit mass NH3. The equilibrium interface on AP is spe-
cified through Equation (10). The formulation, as far as the AP defla-
gration process is concerned, differs from that of Reference (11) in the 
following respects: a) no dilution of the NH 3 and HC10 4 is assumed at tht 
solid-gas interface, although it is tacitly accounted for by the choice 
of a number for q
S; b) calculations are simplified by taking the molecular 
weight of all species to be the same. The constants k and b
F 
will be so 
chosen to recover the same burn rate and surface temperature results as 
in Reference (10). 
Equation (7) is the pyrolysis law for the binder, Equation (8) is 
the energy conservation law at tht solid-gas interface, and Equations 
(9) and (10) are the interface diffusion laws. Note in Equation (8) that 
q undergoes a discontinuity at the binder-oxidizer interface and Equa- 
tions (9) and (10) are only Valid. on the AP side of the interface. Shown 
in Table 1 are typical values used in this work for the various parameters. 
Table 1 
Numerical Values for Various Parameters 
Quantity 	Value 	 Reference 
To 	
300 °K 	 Assumed 
P s 	




.3 cal/gm°K 	 11 
c 	.3 cal/gm°K 	 11 s 
qR 	173 cal/gm 	
to yield flame 
temperature of 







4 cal/cm sec °K 




* 15 kcal/mole 





8.7 - 17 kcal/mole 
b
B 	
1 - 150 cm/sec 	 14 
q
s: 	
160 - 1004 cal/gm 	 14 
Mathematical Character of the Problem 
Equations (1) - (5) define an elliptic problem in the sense that what 
happens at one point in the field affects every other point. Further-
more an eigenvalue appears, p v = p s r . 
If the binder is hard to decompose and it assumes a nearly vertical 
surface, it appears obvious that the picture becomes one of a (nearly) 
flat plate of binder over which hot AP gases are flowing. If the Reynolds 
number based on distance along the binder were large enough this would 
revert to a parabolic problem because 6/ax > 3/ay would result. However, 
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exactly at the binder-oxidizer interface, the Reynolds number is zero. 
Since it is precisely this region that is of interest, the full ellip-
tic problem must be solved. In order to gain an idea of magnitudes in-






 and temperature T. Heats of gasification are made 
* * 	 * * 
dimensionless by c 
P T0 
 and activation energies by R T o . In order to lo - 
cate the condensed phase - gas phase interface at a constant position 
the y variable is replaced by 71 = y - ys (x). The resulting dimension-
less equations and boundary conditions are 
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g continuous, Vg continuous within a phase 
Since y i and y i are unknowns, the nonlinear character in Equations(13) is 
apparent. Nonlinearities also arise from the chemical reaction terms. 
, 
The dimension u*s /r * is known to be the "thickness" of the thermal wave 
which would occur in a planar regression. It is the reference dimension 
here. The parameter in Equations (12) is nothing more than the ratio 
, 





 ) to the characteristic 
, 	, 
gas phase dimension (u ). If there were no modification due to the 
reaction rate term, the gas phase distance over which significant heat 
transfer would occur would be of the order of a ,* . Using the para-
meters of Table 1, = 9.0, showing that the gas and solid phase charac-
teristic scales are quite different. Furthermore, constructing the 
Reynolds number based upon y, it is found that Re = y, so that when 
y is of the order of lA a transition is taking place between "low" 
and "high" Reynolds nuMbers. If important field quantity variations 
are taking place only over a gas phase distance of the order of 1A, 
the problem must be treated as elliptic with no simplifications possible 
through a boundary layer assumption. However, a rather simple method 
of solution will emerge if at some point in the flow field the boundary 
layer approximation may be involved. The use of this approximation will 
be illustrated below. 
Solution by an Integral Technique 
Pure AP Deflagration 
Far from the binder the AP must undergo a planar deflagration but 
the angle e is unknown; it is the eigenvalue of the problem. Al]_ 
x-derivatives must vanish and Equations (13) become nonlinear ordinary 
differential equations in 11 along with the appropriate boundary condi-
tions. The equation for the solid phase heat transfer may be solved 
exactly. The solution is 
g- 1 	(Es - 1) e7/ 2 z 
An overall energy balance yields the adiabatic flame temperatUre 
gf gs qR - qs - Ws - 1) 
A first integral of the gas phase heat and mass transfer equations, 
subject to the boundary conditions, is 
am 	(v 29.R:Yp (TO = Ef = is 2qj, 	 (16) x s 
The solution is completed by assuming a functional form for g(I) as 
E(7) - is = (if - 	12 	7 < 
E(T1) = gf 
	 (17) 
where C is the 11 position where .Y1.,(1) vanishes, i.e. reaction is complete. 
Now integrating the gas phase energy equation between 11 = 0 and 11 
using the assumed form for g- ( 11) from Equation (16), using the solid-gas 
interface boundary conditions and the equilibrium condition from Equations 
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F 
= e (18) 
An extremely important point to note from Eqs. (18) is that they imply 
that the regression rate normal to the gas-solid interface is independent 
of 8, the inclination to the horizontal. For note, Q(c) is an invariant. 
For a fixed gs , YF is fixed and C cc z 2 . Therefore, Q a kY; Ci cc 1Z2. But 
idc cc 1/r2 so that r cc z and rn = r cos e = r/z is an invariant. Conse-
quently, for any sandwich vertical regression rate, r, which is the eigen-
value of the problem, the AP far from the binder will regress normal 
to its surface at a fixed, unique value. The pertinent values for AP 
combustion are consequently only presented for 6 = 0. To numerically com-
plete the solution the following procedure is used. a) g s as a function 
of pressure is taken from Reference (11); b) Equation (14) yields i
f 
(which is actually constant here because 'II' = 1 and q R and qs are assumed 
independent of pressure); c) Equation (16) determines Y F ; d) Equations (17) 
_ N 	— 
determine c, bF and k. 
From the nondimensionalization procedure it may be recalled that k cc 
2/r2 . p  . Therefore, if the rate, r, is known at one pressure, it is known 
as a function of pressure. Shown in Table 2 are complete calculations 
for two sample pressures. 
In Table 2 it will be noted that b F 
is not quite constant. This is 
due to the use of a slightly higher E
s than in Reference (10). Furthermore, F  
1l7 
/-, k is not quite proportional to 1)/r) 2 This is due to the fact that r 
in Table 2 is the experimental value and it is known that between the two 
values of pressure of Table 2 the theory of Reference (11) slightly over-
estimates the pressure sensitivity of the deflagration rate. These de-
tails are not considered important for the current theory because a pre-
cise model for AP deflagration is not sought; only the deviations from a 
planar regression, due to the binder presence, are required and the above 
theory appears adequate to serve as a baseline for perturbations due to 
the binder. 
Table 2 
One Dimensional AP Deflagration Results 
p 	 as /r 	gs 	Fs gf 	 b F 
	k 
(atm) (cm/sec) (p,m) ( °K) 
	
(atm) 
54.4 .735 20.9 880 2.93 .285 4.022 .1471 438 x 108 2.62 x 10
6 
100.0 1.000 15.3 911 3.04 .258 4.022 .1183 4.06 x 10
8 3.39 x 106 
Perturbed Solution  
It is noted that there is only a very weak variation of the dimensionless 
parameters with pressure in Table 2 (because Es variations are weak with 
pressure) and therefore Eqs. (13) are nearly pressure invariant. Conse-
quently, n31 further work will be carried out for the conditions that 
gs 	2.93 corresponding to p = 5 1 . 1I atm. = 800 psia. 
Upon extensive investigation of the partial differential equations 
for small deviations from the one-dimensional regression it was determined 
that a) the deviations from the planar case in the gas phase could be ex-
pected to be simple deviations from the planar solution, but b) the solid 
phase deviations may be complex. By "simple" it is meant that the de-
viation is not oscillatory. Thus, if g(x,y) = g(x) +G (x 	whereG(x,Y) 
is the deviation from the pure AP case,G(x,y) may be expected to have 
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monatonic behavior in y between the two end values G [x,y f (x) 	There- 
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Y
B  YBs 	




g 	gs (x)  = [g-L(x) 	gs (x) 	c 
 guessed forms of the solution for the gas phase. 
If the Eqs. (19) are placed in Eqs. (13) and integrated from 
= 0 to c(x) the result is three nonlinear ordinary differential equa-
tions in the unknowns YF , YB , YB , c, gl, gs , ys and the T deriva-
tives of g and YB at 11 = c. • These derivatives appear because no func-
tional form is specified for 1] > c. It is anticipated that these de-
rivatives will be very small beyond the reaction region and one pos-
sible assumption is that they are zero. An alternate assumption has 
been employed and is discussed below. The diffusion boundary conditions 
and the equilibrium interface boundary condition provide three more rela-
tions for the nine unknowns. At Ti = c which is of the order of magni-
tude of 1A, the Reynolds number is making a transition from low to high 
3 
values, and it appears at this point reasonable to assume that — >> b/by = 
a 	 ax 








L'es. (20) eliminate two of the above unknowns and one further relation 
is needed. For algebraic simplicity another differential equation is 
obtained by taking an - moment of the equation 
L[a] =0 	a = g + 2qRYF , 
deriveable from Eqs. (13), and integrating from o to c. 
In order for a numerical integration to proceed smoothly to x = -co 
an asymptotic solution is desirable. Consequently, a solution was first 
sought which is a small perturbation about the planar AP deflagration 
state. Letting 
Y





gl = 	+G 
 
(x) 
gs = g + G (x) s 	s 	 c = c + C(x) 







substituting these forms into the nonlinear ordinary differential equations 
and boundary conditions, making use of the AP solution properties, and 
neglecting products and squares of perturbation quantities, there results 
the following linearized set of equations and boundary conditions 
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) = Y 1 ( -03) = C ( -co) = 0 	( 27) 
Here Q Q Q and Qy are partial derivatives of the reaction rate 
c ) gs 	Fs 
integral which may be 	numerically evaluated. Note that Eqs. (23) 
and (24) are decoupled from the rest of the system. Because Eqs. (21)-
(27) are linear and homogeneous, they possess solutions like, say, G i = 








	emx where the m is the same. So there are two sets 
c 
of equations whicH may be investigated. Since the equations are homo- 
geneous, the determinant of the coefficient matrix must equal zero for 
a solution to exist. FrOm Eqs. (21), (22), and (25) m = m1(6) is there-
fore developed. From Eqs. (24) and (25) m = m2 () is developed and the 
results are shown on Fig. 2. Only real values of m were numerically in-
vestigated because the only unique solutions which will properly attach 
to the binder are for real m, as will be seen later. It is seen that 
there is a unique 8 for 
m=6.4 @ = 2° 
That is, an eigenvalue exists. The AP assumes a nearly horizontal sur-
face far from the binder so that the burn rate is only slightly higher 
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and the physical properties of thebinder. A question now to be asked is whe-
ther or not this linear solution may be used instead of a full nonlinear 
solution for binders of practical interest. The usual physical ex-
pectation is that a linearized theory will be reasonable if the pertur-
bation quantities remain within some prescribed fraction of the cor-
responding baseline quantity. Viewing Fig. 3 and focusing on gl , for 
example, if an arbitrary limit of validity is set that (g 1 - El)/k 
< 10%, it appears that the solution might be expected to be valid for 
x < 0.6. Adopting this criterion, a procedure to match to the binder 
is required for the linearized solution. 
Location of the Binder 
It will be noticed that the above solution is independent of the so-
lid phase solution. In fact the heat transfer condition of Eqs. (13) 
and the surface temperature of the gas phase solution form boundary. 
conditions for the solid phase heat transfer. Since the attempt here 
is to work with the asymptotic solution to a linear set of equations, 
the consistent linearized solid phase equation from Eqs. (13) is for 







where the simplifying assumption of *0 has been made in accordance with 
the above gas phase solution. Letting G = g + Y 	Eq. (27) becomes 




which has the solution 
	
„ 	11/2 rax 
[Go 
cos mg  1 + G1 sin mg 1] 
	
(29) 
1 2 	1 — Da 	(m2 	4-) 2 
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This solution has a feature that 
G s 	Go
eMx + Y 6TI  (0) E 
which determines G
o 
from the gas phase solution. A most important feature 
of the solution is the creation of an oscillatory ripple of very short 
wavelength (of order l/mg  1/m) superimposed on the monotonically vary-
ing temperature of the undisturbed solution. What happens, therefore, 
is that in both the solid phase and gas phase the distance scales over 
which rapid transitions are made are now of the same order of magnitude 
(of order 1A). In a sense, the short distance scale of the gas phase is 
imposed upon the solid phase. 
To complete the solid phase solution Eq. (28) is substituted into the 
interface heat transfer condition of Eqs. (13) and GI is determined. Now at 
any x position in the eigensolution to the AP problem the heat transfer vec-
tor in the gas and solid phases is known. Since this must be a contin- 
uous quantity and the temperature is a continuous quantity, but q s under-
goes a discontinuity, there must be a surface slope discontinuity at the 
binder. In the interface energy conservation relation of Equations (13) 
the solid and gas phase heat transfer vectors may be computed from the AP 
solution and this equation becomes a relation for the binder heat of gasi-
fication as a function of its surface slope. The result is 
	
qsB = mG y , 	- I) + (1 + yly') 	g
s 
s B t B s tc 
G 
- (gs - 1) (1 + 	- 	- mg Gil 	(30) 
The pyrolysis condition of Equations (13) gives an additional relation be-
tween the surface slope and the binder properties 
For the case of p = 54.4 atm these results are shown in Figures 4 and 5 for 
two values of e
s 
which correspond closely to HTPB and CTPB binders.
(1A) 
B 
Also, knowing q s and bB for RIPE and CTPB (l) the actual point at which 
-e /g 
z1 = uBe 
s 
B 
At any x position, then, Equations (29 and 30) together with the AP 
eigensolution define an allowable binder attachment and a functional 
equation 
bB = bB ;X) 
YB = YB (esBsB  Pc) 
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(31) 
these two binders would attach is shown on Figures 4 and 5. There are 
several points worthy of note. First, for these binders, the x position 
of compatability with the AP solution occurs where very little change' from 
a flat. AP surface has taken place. Consequently, the linear AP eigensolu-
tion can be used with confidence as a good approximation to the solution 
of the nonlinear problem. Polyurethane, shown on Fig. 4 would also at-
tach to a nearly flat AP surface. A check of the fluorocarbon binder 
data of Ref. (14) also shows an attachment at negative x. The second 
important point is that the binder slope is very nearly vertical at the 
attachment point. This is the primary information desired, in addition 
to the AP surface profile, so no attempt is made to continue the solution 
to the right of the attachment point to find the binder profile. The 
third major point, refering back to Fig. 3, is that the solid phase heat 
The activation energies for HTPB and CTPB do not exactly fit the 
numbers of Figs. 4 and 5. What has been done is to compute a b to fit 
the known binder pyrolysis data at a temperature g s , assuming t e acti - 
vation energies of the figures. 
5L 
transfer vector points from the binder toward the AP. This indicates that 
at least for a short distance above the interface the binder temperature 
must be increasing, probably due to the fact that the highest temperature 
AP gases are at positive 11. 
DISCUSSION OF RESULTS 
A solution has been obtained for the shape of the deflagrating AP 
surface when it is adjacent to an inert dry binder. The eigenvalue, the 
vertical regression rate, has been found to be independent of binder type 
and to deviate only very slightly from the pure AP burn rate, as has been 
experimentally observed. Except for selected binders there would be very 
little visible effect of the binder upon the surface shape and the result 
is virtually independent of pressure. The distance scale over which a 
visible transition would take place from planar AP to the binder is of the 
order of microns. The current theory assumes a dry binder; it is known, 
however, that binder melt flows exist for all binders tested heretofore 
in the sandwich configuration and that these melt flows run several hun-
dred microns onto the AP surface. Furthermore, surface roughness demen- 
='7- 
sions of the order of micronsdevelops during deflagrations. Consequently, 
few of the predicted phenomena are capable of being observed. A theory 
including the effects of melt flows is necessary. 
The theory predicts, however, that if the melts do not occur there 
should be a sharp discontinuity in slope at the binder-oxidizer interface. 
This has recently been seen for catalyzed sandwiches
(15) 
for which the melt 
extent is markedly reduced (for unknown reasons). Although the current 
theory is not directly applicable to catalyzed situations the interface 
conditions responsible for the slope discontinuity are applicable. It 
appears that melt flows dominate the development of the 
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surface shape if melts occur. 
The current theory shows that the heat flow vector near the gas-
solid interface and AP-binder solid interface is from the binder toward 
the AP in the solid phase. Consequently, there must exist a weak (hot) 
portion of the binder slightly up from the four-corner interface and into 
the binder. This might account for the appearance of "notches" in the 
binder sometimes seen in quenched samples.
(1,2,4,15) 
The violence of the 
quenching process may eject the part of the binder which is weaker than 
surrounding parts. 
The current analysis shows a very weak dependence of surface shape 
upon pressure. This independence has been observed experimentally, but 
the comparison between theory and experiment cannot be made precisely be-
cause binder melts have occurred in all the experiments. 
If the AP particle size is sufficiently large the current analysis 
may form the basis for a deflagration theory of a heterogeneous propellant, 
if the binder were dry. The largest natural dimension which occurs in 
this theory is the thermal wave depth which is of the order of 20 pm at 
800 psia. Consequently, for AP particle sizes larger than this dimension 
there may be some merit in applying this technique to a real propellant. 
An extension to the case of a finite binder thickness would be required, 
however, unless AP particle sizes substantially in excess of the thermal 
wave depth were considered because the typical binder widths would be less 
than the typical thermal depth in the binder. Such an extension is not 
deemed difficult to attain. 
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Figure 4. Binder Properties for Attachment to the AP Solution,. e = 1.5 
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Figure 5. Binder Properties for Attachment to the AP Solution, e s = 30 
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